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There are relatively few experiments in atomic physics these days that don’t involve the 
use of a laser. 
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 Solid oxide fuel cells (SOFCs) potentially represent a cleaner d more efficient 
method for harnessing fossil fuel energy than conventional combustion. Unfortunately, 
the challenge with making SOFCs mainstream lies in reducing operating costs, increasing 
performance, and staving off their rapid degradation. High cathode polarization remains a 
bottleneck for lowering operation temperature. On the anode side, supplying SOFCs with 
hydrocarbon-based fuels poses many problems for systems using state-of- he-art material 
specifications such as composites of Ni and yttria-stabilized zirconia  (YSZ).  
Various novel materials and surface modifications have been found to mitigate 
degradation issues in particular, but more information towards a more profound 
understanding the role of these materials in the coking and sulfur to erance of SOFC 
anodes is one major scientific objective within the field. In this work, advanced Raman 
spectroscopic techniques were applied In order to support this objective. Raman 
spectroscopy was used for the tracking of the evolution of water, carbon, sulfur, and 
oxygen species as well as new phases at SOFC electrode surface  following or during 
exposure to various temperatures, fuel gases, and electrochemical stimuli. Specifically, 
water and OH groups were successfully detected on Ba-containing oxides under different 
temperature and electrochemical conditions, carbon deposition on Ni anodes was mapped 
and monitored in real time, and mapping was used to support a surface-based hypothesis 
about sulfur poisoning. This information, coupled with performance data and other 
characterizations, would help to clarify the mechanisms of anode contamina ion 
reactions. Knowledge gained from this work would also help to connect electrod  
 xix 
modifications with performance enhancement and poisoning tolerance, offering insights 
vital to design of better electrodes. 
In addition, lack of adequate signal from certain species, which is one of Raman 
spectroscopy’s limitations, was addressed in the course of this work. Surface enhanced 
Raman scattering (SERS) techniques were used in both in situ and ex situ analyses to 
increase signal yield from gas species and phases that are found only in trace amounts on 
electrode surfaces. Sputtered silver nano-islands and Ag@SiO2 core-shell nanoparticles 
were applied in order to achieve the signal enhancement. Using these treatments, direct 
detection of adsorbed oxygen species at the cathode and adsorbed hydrocarbons at the 
anode was made possible. 
Finally, a more practical thrust of this work was the application of this study 
methodology and the knowledge gained from it to cells with NASA's bi-electrode 
supported cell (BSC) architecture. Particularly, the BSC archite ture offered a convenient 
platform for studying state-of-the-art anode modification since th  electrodes were 
applied by infiltration of porous scaffolds, and the composition of the anodes could be 
easily changed. These types of cells also offer great prospects for superior specific power 
density due to their low weight. Ultimately, the goal of this thrust was progress towards 
achieving optimum performance of SOFCs operating under jet fuel. Towards this end, a 
cell with a modified Ni-YSZ anode was successfully operated in a 70% CH4 / 30 % H2 / 
30 ppm H2S with reduced sulfur poisoning and relative stability. This anode modification 
also allowed for peak H2 and CH4 fuel utilizations of ~81% and ~34%, respectively. 
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CHAPTER 1: INTRODUCTION  
 
1.1 Research Motivation 
 Fossil fuels comprise the most utilized type of resource in producing the world’s 
electricity. Fuels such as coal, natural gas, and oil are currently used to generate electrical 
energy through combustion methods. These processes take the chemical energy of coal 
and convert it to thermal energy, which is in turn converted into mechanical energy in 
order to finally generate electrical energy. The “wheel-to-well” efficiency of this series of 
energy transformation processes is heavily limited. The lost efficiency from this series of 
energy transformations eventually leads to a quicker depletion of these scarce resources, 
and nature does not replace these fuels quickly enough.  This ever-increas g scarcity of 
the world’s natural fuel resources is quite evident with the rising trend in prices for 
natural gas, petroleum, and coal. This rising trend is illustrated below in Figure 1.1, 
which shows the prices for several types of energy from 1970-2009.1 It should be noted 
that the economic recession likely accounts for the price decreass seen between 2007 
and 2009.  One other reason that fossil fuel combustion may not necessarily be a 
sustainable source of energy is that it is generally not a “clean” type of process. 
Byproducts, which include CO2, NOx, and SOx,  are potentially damaging to the 
environment due to the pollution they cause. 
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Figure 1.1. Indexed prices by energy type between the 1970 and 2009. Reproduced from 




 Despite the lack of sustainability in the fossil fuel energy paradigm, the fact 
remains that fossil fuels are a favored source of electricity, particularly in the United 
States. As Figure 1.2 shows, natural gas and coal accounted for well ver two-thirds of 
electricity generation for all economic sectors of the United States in 2010.1 It may be 
several decades before the technologies of alternative energy sources (e.g. nuclear, solar, 
wind) have advanced enough to gain traction within the economy and the proper 
infrastructures are in place to best utilize these sources. Therefor , a more efficient way 
of using the current preferred sources of energy should be found in order t  maintain the 
standard of living to which the population is accustomed while slowing down the 
consumption of scarce resources. Solid oxide fuel cells (SOFCs) provide a viable 
alternative in this regard. 
 Unfortunately, at this stage, SOFC technology has its own problems that still 
require solving before it can attain commercial viability. Addressing these issues requires  
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Figure 1.2. Contributions to electricity production for all economic sectors of the U.S. by 
different fuel sources. Reproduced from the 2010 U.S. DOE Annual Energy Review.1 
 
 
access to fundamental chemical information that is not available through the conv ntional 
electrochemical methods used to characterize SOFCs. Therefore, other approaches to 
studying SOFC are warranted; one such approach is Raman spectroscopy. 
 
1.2. Research objectives 
 The work presented in this dissertation involves the development of Raman 
spectroscopy as a tool to study the various reaction mechanisms and behavior of state-of-
the-art SOFC electrodes and use the information gained to improve electrodes. 
Specifically, the objectives of the research are: 
1) Development and utilization of an experimental setup that allows improved in situ 
Raman spectroscopic mapping and monitoring of the surface of SOFC electrodes 
2) Knowledge of where and how carbon and sulfur deposit on SOFC anodes during 
coking and sulfur poisoning types of degradation 
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3) Understanding of the role that water plays in coking and sulfur poisoning 
tolerance of anodes that incorporate Ba-containing oxides 
4) Improvement of Raman signal from surface species relevant to cath de and anode 
reactions through surface enhanced Raman scattering (SERS) methods 
5) Implementation of the knowledge gained from previous study towards improving 
the coking and sulfur poisoning tolerance of a Ni-YSZ anode 
 
Meeting the objectives outlined above would hopefully offer insights towards  
more rational design of SOFC electrodes by suitable material selection and optimization 
of operating conditions. This type of fundamental information would be a valuable 
contribution to the field and certainly help drive SOFC towards mainstream 
commercialization. In addition, the research presented herein might demonstrate potential 
test platforms for characterizing catalysis and transformation processes in other energy 
storage and conversion systems such as Li-ion batteries and pseudocapacitors. 
 
1.3. Dissertation structure 
 The first part of Chapter 2 provides fundamental background information on solid 
oxide fuel cells, including how they function as well as some of their common constitue t 
materials and configurations. It also focuses on the performance and degradation issues 
surrounding SOFC electrodes. The latter part of Chapter 2 presents an overview of 
Raman spectroscopy, its underlying physics, and how the technique can be pplied 
toward SOFC systems. 
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 Chapter 3 outlines all of the technical approaches used in the current work. This 
information consists of the Raman experimental setup, sample fabrication details, 
electrochemical testing details, and other characterizations used to validate the findings 
from the research. 
 Chapter 4 discusses the characterization of Ba-containing oxides by both ex situ 
and in situ Raman spectroscopy that is used in order to gain insights into the cnn ction 
between the materials’ water uptake properties and the degradation tolerance 
enhancement that they grant to SOFC anodes. 
 Chapter 5 details Raman monitoring and mapping experiments used to 
characterize coking and sulfur poisoning on geometrically-defined Ni-YSZ anodes. 
 Chapter 6 explores methodologies for applying surface-enhanced Raman 
scattering (SERS) to Raman studies of electrodes in order to boost signal from elusive 
surface species such as adsorbed oxygen at the cathode and adsorbed hydrocarbons at the 
anode. 
 Chapter 7 demonstrates the implementation of oxide modifications to Ni-YSZ 
anodes with a novel structure. Results from electrochemical testing and Raman 
spectroscopy are coupled and used in conjunction with other characteriztion methods to 
gain a complete picture of the effectiveness of these modifications. 
 Finally, Chapter 8 lists the conclusions garnered from this resea ch and suggests 
possible future directions for gaining even deeper understanding of SOFC electrodes as 
well as other energy-related materials systems using the Raman spectroscopy-based 




CHAPTER 2: BACKGROUND 
 
2.1. Fundamentals of solid oxide fuel cells (SOFCs) 
Fuel cells directly convert chemical energy of fuels into electrical energy by 
electrochemical reactions between fuel and oxidant gases. These reactions result in high 
fuel-to-electricity efficiencies upwards of 60%, and they produce much cleaner emissions 
than combustion, making fuel cells much more environmentally friendly2-4. Solid oxide 
fuel cells (SOFCs), in particular, have versatile energy applications. Their high operating 
temperatures convey numerous advantages, such as low internal resist nc  and usable 
exhaust heat for driving secondary energy generation systems. SOFCs also allow for the 
use of cheaper catalysts than other types of fuel cells, and more i portantly, they have 
the flexibility to directly utilize carbonaceous fuels such as CO, coal syngas, alkane gases 
(e.g. CH4 and C3H8), and renewable biofuels.
2, 5-11 With increasing amounts of research 
into SOFC technology, this alternative energy source grows ever closer to becoming a 
mainstream route for stationary power generation. 
A solid oxide fuel cell provides a direct current, and therefore electrical energy, to 
an external load by two sets of electrochemical reactions working in concert with one 
another. In the typical hydrogen fuel cell, hydrogen fuel is fed to the porous anode, which 
catalyzes the fuel’s reaction with oxygen anions conducted to it by the thin electrolyte.  
The reaction produces water and electrons; this can be summarized by the following 
equation: 
     OHe2OH 2
--2
2 +→+         (2-1) 
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These electrons are conducted through an external load by a current coll c or, which is a 
role that is filled by the interconnect in a planar cell like the one in Figure 1.3. 
Meanwhile, on the cathode side of the cell, oxygen in the air is adsorbed, after 
which it is reduced to an ionic state by the flowing electrons in the current fom the anode 
side with the help of the catalytic cathode material, as shown in this equation: 
        -2-2 Oe2O2
1 →+         (2-2) 
The resulting oxygen anion is then conducted through the electrolyte t  complete the 
cycle.  The total cell reaction can thus be treated simply as the formation of water where 
4 electrons are transferred when whole fuel and oxidant molecules are considered, as in 
this equation: 
      OH2O2H 222 →+         (2-3) 
When no current is flowing through the cell, or when the cell is in thermodynamic 
equilibrium, the theoretical potential across the cell is determined by the following 
equation: 











=         (2-4) 
This equation is known as the Nernst equation, where EN is the theoretical Nernst 
potential, R is the gas constant (8.314 kJ / K*mol), T is the temperature of the system in 
K, F is Faraday’s constant (~96,500 C / mol), and PO2 is the partial pressure of oxygen at 
each cell electrode environment. The factor of 4 in the denominator represents the 
transfer of 4 electrons. A typical cathode environme t for a cell is air, so a typical 
PO2,cathode is fixed at 0.21 atm, while PO2,anode is itself determined by the composition of 
the fuel gas and the thermodynamic equilibrium betwe n the fuel’s constituents. 
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,2        (2-5) 
PH2O and PH2 are the respective partial pressures of H2O and H2 in the anode 
environment, while ∆Gº is the standard Gibbs free energy change for the reaction in 
Equation (1-3). The value of ∆Gº is a function of temperature. 
 By combining (1-4) with (1-5), cancelling the exponential, and rearranging the 
terms, the Nernst equation can be written as: 














E +°∆−=       (2-6) 
As an example, a cell held at 800°C (1073 K) with air as the oxidant and a fuel 
composition of 97% H2 and 3% H2O would have a theoretical EN of 1.11 V, since ∆Gº is 
about -380 kJ / mol at that temperature. The actual observed open circuit voltage (OCV) 
of the cell would end up being slightly lower than that value. Some reasons for that might 
include local variations in gas partial pressures and leaks in the cell system. 
As demonstrated above, water is the sole “waste” product of fuel cells running on 
H2, making them a relatively clean energy option. In addition, the water, in the form of 
steam, could potentially be used to drive a secondary power generation mechanism to aid 
in the recovery of lost energy from heating, increasing the overall system efficiency.  On 
the other hand, use of CO and hydrocarbon-containing fuels produces carbon dioxide as 
exhaust on the anode side, albeit in a cleaner manner than combustion.   
Figure 1.3 below shows an example of a typical single anode-supported SOFC.  A 
typical SOFC system might be composed of a La-containi g perovskite cathode (e.g. 
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La0.85Sr0.15MnO3-δ or La0.6Sr0.4Co0.2Fe0.8O3-δ), an yttria-stabilized zirconia (YSZ) 
electrolyte, a Ni-YSZ cermet anode, and chromite ceramic interconnect materials. The 
system might also include other “balance-of-plant” materials such as fuel reformers.12 
This fuel cell would operate successfully at temperatures between 800°C and 1000°C.  
One of the main technical challenges in the SOFC field is the reduction of the fuel cell’s 
operating temperature.  Reducing the SOFC operating temperature to more intermediate 
values below 700°C would impart advantages such as lower degradation of electrodes 
and decreased thermal stresses at component interfaces. Lowering the SOFC’s operating 
temperature, however, decreases its conductivity and c talytic activity, resulting in cell 
voltage losses.   
 
Figure 2.1. Schematic of a typical working anode-supported SOFC and the 
electrochemical equations associated with operation.  The electrode materials are porous 




2.2. Performance limitations in SOFCs 
 
The two major factors that cause voltage loss in SOFCs are electrolyte bulk 
resistance and polarization resistance at the electrode-electrolyte interfaces. The 
contribution of the bulk resistance, which encompasses the ionic resistance of the 
electrolyte and the electronic resistance of the electrodes, can be simply calculated by 
Ohm’s law:  
 
BulkBulk IR=η          (2-7) 
where I is the current passing through the cell, Rbulk is the bulk (or Ohmic) resistance, and 
ηBulk is the resulting voltage loss. Electrolyte materials with higher conductivity coupled 
with thinner electrolyte layers have already been used to lower electrolyte bulk resistance 
in so-called intermediate-temperature SOFCs.13, 14 The true bottlenecks in development of 
SOFC technology involve electrode materials and microstructures.2 These aspects 
contribute more to polarization, which is the second major type of voltage loss and a 
more complex problem to approach.  
Polarization can be roughly divided into two categories, which are known as 
charge transfer and mass transfer. Charge transfer polarization involves the extra 
potential (i.e. “overpotential”) required to overcome the activation energy barrier that 
impedes a reaction within the cell from proceeding at a particular rate. This overpotential 
results in an equivalent voltage loss for the cell. In an electrochemical reaction, the 
produced current is the indicator of reaction rate. H nce, this type of polarization mainly 
dominates when the cell is operating at low current. The relation between charge transfer 

























expexp0        (2-8) 
where ηct represents the overpotential, β is the dimensionless charge transfer coefficient, j 
is the cell’s current density (i.e. current per electrode area), and j0 is the exchange current 
density. When charge transfer loss is prominent in a cell, the exhibited behavior in the 
cell might be called “activation polarization.” 
 Mass transfer polarization, on the other hand, becomes evident when the kinetics 
of the transport of reactants to reaction sites and pro ucts away from reaction sites limit 
the electrochemical reaction. At a sufficiently high current, the mass transfer 
overpotential can be thus approximated: 












1lnη         (2-9) 
where z is the number of electrons involved in the cell reaction and jL is the limiting 
current density, or the current at which the mass transfer overpotential approaches 
infinity and cell voltage effectively drops to zero. 
 
2.3. Common ways to test SOFCs 
 Linear voltammetry is the most basic way to test a fuel cell’s performance. The 
top plot in Figure 1.4 provides a picture of how a typical voltage-current (I-V) 
relationship plot from this test might look. The various current regimes in which each 
type of loss dominates are indicated. From this plot, the task of calculating the bulk 
resistance of the cell is a simple one since it is merely the magnitude of the slope in the 
linear region. Determining components of polarization resistance from the I-V plot is far 
less trivial; other types of testing are warranted for this endeavor. Impedance 
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spectroscopy is one such route to this information. Shown in the bottom part of Figure 
1.4 is a Nyquist plot that might be seen from an impedance test of a cell. The value of Z’ 
at the high-frequency (ω) intercept with the Z’ axis can be interpreted as the cell’s bulk 
resistance, while the difference between the low-frequency and high-frequency intercept 
values is the polarization resistance. In order to characterize the processes responsible for 
polarization resistance, the loop can be deconvoluted into multiple loops that each 
represent different “equivalent circuit” elements.15 These elements are usually resistance-
capacitance pairs that have a specific relaxation time constant. Since charge transfer 
processes have faster relaxation times than mass trn fe  processes, they generally reside 




Figure 2.2. V-I (top) and Nyquist (bottom) plots for a typical SOFC. 
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towards the right side. An excellent and more detailed explanation of impedance 
spectroscopy and how it generally relates to electrochemical kinetics can be found in the 
text by Bard and Faulkner.16 
 Impedance spectroscopy, however, may not tell the w ole story. While an 
impedance test might reveal what type of resistance is limiting a cell’s performance the 
most, the specific source of the resistance may not be readily apparent. For example, an 
equivalent circuit fitting of an impedance spectrum might have a large charge transfer 
resistance element. One might struggle with determining whether that resistance is a 
result of slow oxygen reduction at the cathode or cntaminant-blocked reaction sites 
hampering fuel oxidation at the anode. Therefore, other forms of characterization are 
necessary to ascertain the specific chemical and electrochemical information from these 
processes that is critical to designing better electrode materials. Research along this line 
is a large part of the work discussed in this dissertation. 
 
2.4. Issues involving SOFC anodes (fuel-side electrodes) 
 As was already mentioned, Ni-YSZ cermets are currently state-of-the-art anodes 
because of their excellent catalytic activity for hydrogen oxidation, electrical conductivity 
for current collection, and their obvious compatibility with pure YSZ as an electrolyte.  
On the other hand, the susceptibility of Ni metal to problems such as re-oxidation, carbon 
buildup (coking) in carbon-containing fuels, and deactivation by fuel contaminants (e.g. 
sulfur poisoning) when fuels other than hydrogen are used is extensively documented in 
the SOFC field to date.8, 9, 17-25 The two latter issues are topics to which particularly heavy 
amounts of research has been devoted. 
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2.4.1. Coking of Ni-based anodes 
 Carbon deposition, or coking, occurs when Ni-based anodes are operated using 
carbon-containing or hydrocarbon fuels. Two of the major types of coking-related 
degradation include direct incorporation of carbon into the anode and gas-phase 
pyrolysis. The nature and mechanism of coking-related degradation in Ni-based anodes 
depends heavily on the composition of the fuel. In the case of hydrocarbon fuels, the 
probability of gas-phase pyrolysis of the fuel increases with the order of the 
hydrocarbon.9 Thus, pyrolysis is more likely to occur with fuels like C3H8, C4H10, and 
iso-octane. Meanwhile, coking from CH4 and C2H4 might be more “catalytically” driven 
by the Ni in the anode. Hill et al. recently performed a detailed study of the effect of 
direct CH4 utilization on the Ni-YSZ anode.
24 They determined that the following 




4 2e2HCOOCH ++→+      (2-10) 
24 2HCCH +→       (2-11) 
   CNiCO3Ni2CO 32 +→+       (2-12) 
The presence of C and Ni3C was confirmed in the anode after operation in CH4 by X-ray 
analysis. Microscopic analysis of the post-operation anode, which is reproduced in Figure 
2.3, revealed features with fibrous morphology. This finding is in agreement with the 
outcome of a carbon dissolution-precipitation mechanism proposed by others for Ni.26 In 
other words, one possibility is that carbon species which separated from CH4 fuel 
dissolved into the Ni layer and re-precipitated out, which would eventually disintegrate 
the anode layer. 
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Figure 2.3. Electron microscope image of fibrous carbon on a coked Ni-YSZ anode 




The effect of temperature on severity of coking also depends on the fuel involved. 
For example, for CO fuel, graphitic carbon can be produced in the anode by the carbon 
disproportionation reaction, which is shown by the following: 
         CCO2CO 2 +↔         (2-13) 
At cell operating temperatures below 850ºC, Boudouard’s equilibrium predicts that this 
reaction will proceed in the forward direction, depositing carbon on the anode surface.11 
Therefore, cell performance will actually decrease faster at lower temperatures. On the 
other hand, for fuel like CH4, higher operating temperatures result in more rapid 
degradation. As experimentally observed by Barnett and co-workers, a cell that operated 
with relatively stable behavior for at least 3 hours at 700ºC completely failed within less 
than an hour at the same operating current.8 Finally, increasing cell current (i.e. fuel 
utilization) decreases the rate of performance degradation.8, 17 
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2.4.2. Sulfur poisoning of Ni-based anodes 
 Even when treated with desulfurization processes, fuels such as natural gas, 
diesel, and jet fuel tend to have appreciable sulfur content, usually in the form of H2S. 
Therefore, operating a cell with Ni-containing anodes on these types of fuels inevitably 
results in sulfur poisoning of the anode. The most c mmon type of sulfur poisoning for 
Ni-YSZ anodes is characterized by a rapid drop in cell performance upon introduction of 
a small amount of H2S into the fuel stream. For example, a cell operating on 1-2 ppm H2S 
in a H2 fuel might experience a 10% drop in power output versus a cell utilizing H2 fuel 
devoid of sulfur content20. 
Mechanistically, the sulfur dissociates from the H2S and adsorbs on the Ni 
surface, as represented by the following: 
     #Ni2
#
Ni2 SHsSH +→+       (2-14) 
The s#Ni symbol represents a Ni surface site. The adsorbed sulfur effectively deactivates 
the Ni surface, blocking reaction sites in the vicinity. Unlike coking, which can have 
deleterious effects on both the surface and bulk structure of Ni-YSZ anodes, under typical 
fuel cell operating conditions, sulfur poisoning is largely a surface-specific phenomenon, 
which also accounts for the fact that its effects are complete within minutes of 
introducing the sulfur.20 At operating temperatures above 600ºC, with H2S concentrations 
upwards of 1000 ppm in fuel gas flow, formation of bulk nickel sulfide is not 
thermodynamically favorable27. On the other hand, at 800ºC, adsorption of elemental 
sulfur on the Ni surface is thermodynamically favorable even at H2S concentrations as 
low as 0.1 ppm. As temperature is decreased, this type of sulfur poisoning is possible at 
even lower concentrations of H2S. 
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 As with coking, the effects of sulfur poisoning can be reduced by running a cell at 
a higher current. The following is a possible reaction mechanism responsible for this 
phenomenon20: 
         -#Ni2
-2#
Ni e4s)g(SOO2S ++→+      (2-15) 
Ni does not catalyze the dissociation of SO2 nor does SO2 adsorb well onto the Ni surface, 
so the sulfur is effectively carried away from the Ni in this manner. Running the cell at a 
higher current induces a higher oxygen flux, resulting in more sulfur being carried away. 
 Due to the transient nature of the sulfur adsorptin on Ni, sulfur poisoning is also 
a reversible phenomenon. By removing the source of sulfur from the fuel stream, all of 
the sulfur would theoretically be removed from the surface as long as the H2S 
concentration was low enough. Eventual full recovery of performance has been 
experimentally observed upon removal of H2S from H2 fuel, although this process 
generally takes considerably more time than the poisoning itself.18, 20, 25, 28 Of course, the 
surface specificity and transience of sulfur poisonng itself has made the task of studying 
this phenomenon a difficult one; traditional electro hemical techniques have proven 
useful in characterizing the contribution of sulfur poisoning to polarization resistance, but 
more chemically-oriented methods are necessary to truly understand its mechanism and 
find the key to sulfur tolerance. 
2.4.3. Alleviating anode degradation 
A multitude of approaches have been used to solve the issues of coking and sulfur 
tolerance, including the use of “Ni-free” conductive oxides. These alternative materials 
have shown promise in averting the problems inherent to Ni-based anodes but create 
issues of their own in terms of cost and compatibility with well-established technology. 
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  Recently, a couple of different approaches were adopted to solve the problems of 
coking and sulfur poisoning in Ni-based anodes.  One involved the replacement of YSZ 
in a Ni-YSZ cermet anode by the dual-ion (O2-/H+) conducting electrolyte material 
BaZr0.1 Ce0.7Y0.1 Yb0.1O3-δ (BZCYYb)
29. The rationale was that the –OH groups produced 
on anode surfaces by dissociative adsorption of water greatly facilitate oxidation of 
carbon to CO2 and H2S to SO2, thus removing unwanted deposits and species from anode 
surfaces. Alternatively, these –OH groups might drive in situ reformation of carbon-
containing fuels under typical SOFC operating conditions, minimizing the coking that 
occurs in the first place. Like other proposed conductive oxides, however, BZCYYb is 
not very compatible with other oxygen anion-conducting electrolytes like YSZ.  
One theory proposed that BZCYYb provided protection  the Ni by distributing 
minute amounts of BaO over the Ni surface during high-temperature processing. Thus 
another approach was attempted in which nano-sized BaO islands were deliberately 
created on the surface of the Ni grains in a Ni-YSZ cermet anode using a vapor phase 
deposition.6 The resistance to coking was also dramatically enhanced in this case, 
although sulfur poisoning remained a problem. 
 Some questions remain on the role that water plays in the coking and sulfur 
tolerance of Ni-based SOFC anodes containing BZCYYb and other surface modification. 
Answering these questions would be greatly facilitated by studying the anode surface 
under relevant operating conditions by an “i  situ” chemical analysis method that allows 
for tracking of the evolution of water, carbon, and sulfur species as well as new phases at 
SOFC anode surfaces while they are subject to various temperatures, atmospheres, and 
electrochemical stimuli. This type information, coupled with performance data, would 
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help to unravel the mechanism of the electrode reactions (i.e. the connection between 
water and anode poisoning tolerance) and thus offer better insights vital to design of 
better electrodes. 
 
2.5 Issues involving SOFC cathodes (air-side electrodes) 
On the other side of the SOFC, a major issue facing the development of SOFCs 
with high performance capabilities at low temperatures is the lack of complete 
understanding of the oxygen reduction process on the cathode.  This series of physical 
and chemical phenomena is the main culprit behind cathodic interfacial polarization, 
which limits the performance of the cell.  Some consensus exists among scientists as to 
which types of events occur during the process.  They include the adsorption of oxygen 
molecules, the dissociation of these molecules into atoms, the reduction of atoms and 
molecules to ions, and the incorporation of ions into the electrolyte.30, 31  The order and 
dominance of these events in the process is the subj ct of much scientific debate, as is 
which step is rate-limiting.   For example, the oxygen molecules may be partially reduced 
rather than becoming fully reduced species after adsorbing onto the surface of the 
cathode.  In addition, the ionic species in question have multiple possible transport routes 
towards incorporation into the electrolyte, including cathode surfaces, interfaces, and the 
bulk of the cathode material itself.  The oxygen species could potentially be reduced at 
any time during transport.   
Some combination of these events forms a rate-limiting mechanism for the 
oxygen reduction, and discovering that mechanism defines one important piece of 
information for optimizing SOFC cathode materials and systems.  While studies have 
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been performed with the goal of characterizing the oxygen reduction process of popular 
cathode materials such as doped lanthanum manganites and cobaltites under various 
performance conditions, they have been widely based on electrochemical analysis via 
impedance spectroscopy.31-33  As mentioned above, a simple impedance spectrum can 
quickly become convoluted by the influence of multiple processes, and its interpretation 
is especially difficult when the details of these processes are largely unknown. 
 The following equation, which uses Kröger-Vink notation, represents the overall 






O OV e' O
••+ + →   
As mentioned above, in this reaction, oxygen gas is reduced by electrons supplied by the 
cathode and incorporated into a vacant lattice site.  As such, the gas, electrons, and 
vacancies must be simultaneously present in order for the reaction to proceed.  When the 
cathode is a pure electronic conductor and does not have the vacancies to incorporate and 
conduct ions, the electrochemical reaction will only take place around the triple phase 
boundary (TPB) of the electrode, electrolyte, and gas.  As a result, very little active 
surface area is available for reaction.  Therefore, pure electronic conductors like the noble 
metals that are required for successful electrocatalysis in proton exchange membrane 
(PEM) fuel cells34 are not necessarily the ideal candidates for SOFC cathodes.   
Mixed ionic-electronic conductors (MIECs), as their name implies, are conductive 
of electronic and ionic sites.  These types of materi ls fill the role of the SOFC cathode 
better, as they can potentially extend the catalytically active sites over wherever the 
cathode surface area is in contact with the gas, creating parallel paths with the TPBs for 
conduction.35  Previous investigations have indicated that materials such as La1-xSrxCoO3-
(2-16) 
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δ (LSC), La1-xSrxCo0.2Fe0.8O3-δ (LSCF), and Sr0.5Sm0.5CoO3-δ (SSC) show notable levels 
of mixed conduction below 700°C.36-38  Some researchers have also considered two-
phase MIEC cathode materials, such as a composite of LSM and YSZ39, 40; LSM is 
generally accepted as an electronic conductor, while YSZ is an excellent oxide ion 
conductor. Thin coatings have been previously impleented to LSCF backbone to 
provide additional catalytic activity and stability.41, 42 The search for materials and 
architectures that are more active for the oxygen reduction reaction at lower temperatures 
has led to other more “exotic” cathode materials43 including doped SrFeO3
44, 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ composites
45, and SSC  with cone-shaped microstructure.46 
Even with the advent of such materials for use in SOFCs, the interfacial 
polarization resistance at the cathode still limits the performance of fuel cells with lower 
operating temperatures.  While the intrinsic conductivity and catalytic prowess of an 
effective MIEC cathode material are important, the properties of its microstructure have 
significant bearing on its ultimate performance.  These attributes include the connectivity 
of the bulk of the electrode along with the surface ar a available to the gas.  A 
comprehensive understanding of the oxygen reduction pr cess is needed in order to find 
the optimum balance of these properties. 
Oxygen reduction mechanisms for MIEC cathodes will d ffer based on the 
amount and order of steps taken towards an oxygen ion’s final incorporation into the 
electrolyte.  Shown in Figure 2.4a are only two of the many possible sets of steps, 
depending on whether the oxygen is first reduced or issociated. The reduction process 
will also depend on the configurations that occur on the surface of the cathode.  Two 
possible species configurations are superoxo and peroxo.47  Figure 2.4b displays these 
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configurations and some of the possible interactions they undergo during the oxygen 
reduction process. 
Mixed conduction further complicates the oxygen reduction process, since the 
electrochemical reaction described above takes place at multiple types of interfaces.  
These possible interfaces are represented in Figure 2.4c.   Notwithstanding at which type 
of interface the oxygen is fully reduced and incorporated, the oxygen ions may still need 
to diffuse through the bulk of the cathode or possibly over its surface to reach the 
electrolyte.  These types of transport have been prviously investigated; for example, 
finite element methods have been previously implemented to isolate types of transport 
and work towards finding the rate limiting step in oxygen reduction.48 Similar techniques 
have been used in conjunction with X-ray tomography to ascertain the role of 
microstructure in the oxygen reduction reaction.49 More experimental methods might 




















Figure 2.4. (a) Example reaction paths for oxygen reduction, (b) oxygen adsorption 
configurations, and (c) possible oxygen reduction reaction sites for a cathode composed 






2.6. Characterization by Raman spectroscopy 
 
Through a collection of recent research efforts, Raman spectroscopy has already 
been shown to be an effective tool for studying a variety of SOFC problems. Previous 
investigations have included probing of oxidation states in Gd-doped ceria (GDC) 
electrolytes under reducing atmosphere50, modification of glass sealants for full SOFC 
systems51, and Cr poisoning of cathodes for cells that have metallic interconnects52. 
Raman spectroscopy has also been used in other investigations of electrode processes 
including coking, sulfur poisoning, and oxygen reduction. The research work supporting 
this dissertation is meant to expand and improve upon that information in order to 
contribute new insights to the SOFC field. 
In the following sections, some of the basic origins of Raman spectroscopy and 
brief examples of its applicability to the field ofSOFC materials science are described. 
For further information on the general subject of Raman spectroscopy not covered in this 
dissertation, a great deal of literature exists in the field, including several excellent 
textbooks53-55. 
 
2.7. Fundamentals of Raman scattering and spectroscopy 
   Raman scattering, the principle on which Raman spectroscopy is based, is a type 
of inelastic light scattering, which is itself known as a “two-photon” process. Generally 
speaking, inelastic light scattering involves the impingement of a photon of a particular 
energy on some medium or material. This photon is annihilated, and simultaneously, a 
second photon of a different energy is created and travels away from the material. Since 
the energy of a photon is proportional to its frequncy by Planck’s relation, the incident 
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and scattered photons can respectively be characterized by their frequencies, υi and υs. In 
a case where υs < υi, some quantum of energy was transferred from the original photon to 
the impinged material, and what is known as a “Stokes” process has occurred. The 
opposite case (υs > υi) is unsurprisingly called an “anti-Stokes” process, but anti-Stokes 
scattering is observed less frequently since the scattering medium needs to be in an 
excited state for it to occur.53 
 Raman scattering, which fits into this category, is so named because of its first 
reporting by C. V. Raman and his colleague in 1928.56 In Raman scattering, the energy or 
frequency difference between the incident and scattered photons corresponds to some 
vibrational mode within the scattering medium or materi l. Raman spectroscopy, in turn, 
is a technique in which light is directed at a materi l or substance and the resulting 
backscattered Raman radiation is detected in order to determine its nature from 
characteristic vibrational modes. The most common incident light source used to 
illuminate samples in Raman spectroscopy is a laser, although some have tried using 
other sources such as synchrotron X-rays.57 The reasons that a laser is ideal for this 
technique are that the wavelength (and therefore frequency) can be fixed and that many 
photons can be concentrated in one spot. A large number of photons are required for 
successful detection of Raman scattered light because only 1 in millions of photons that 
undergo a scattering process are of the Raman variety, on average.54 Most light 
undergoes Rayleigh (or elastic) scattering in which the incident and scattered photon 
energies are equal. Generally, laser wavelengths utilized for Raman spectroscopy fall 
between the ultraviolet (UV) and infrared (IR) ranges; 514 nm (green) and 633 nm (red) 
wavelengths are used in the research described in this dissertation.  
 26 
During a Raman spectroscopy experiment, backscattered radiation from a sample 
is physically separated by position into the different frequencies it contains before being 
collected by a detector. Rayleigh scattered light is filtered out before this stage. The 
frequency shifts between the Raman scattered light and incident light are plotted on an 
intensity spectrum where vibrational modes appear as intensity peaks. By convention, 
Raman shifts are expressed in cm-1 (wavenumber) units. In a Raman spectrum plot, the 
Raman shift axis units are best labeled as “∆cm-1” to clarify that a shift in frequency 
between the incident and scattered light is being expressed rather than an absolute 
frequency itself, since the shift directly represent  the vibrational mode of a material. 
Making this distinction helps prevent confusion with IR vibrational spectroscopy, in 
which absolute light frequencies correspond to vibrat onal modes. 
 
2.8. Vibrational modes and Raman selection rules 
The most simplistic way to model the connection betwe n Raman scattering and the 
vibrational modes is in a classical, “macroscopic” manner.53, 54 Figure 2.5 shows a 
classical representation of a water molecule. Generally speaking, molecules with N atoms 
have 3N – 6 vibrational modes, which equates to the number of degrees of freedom of a 
molecule (3N) excluding 3 translational and 3 rotational modes. Since water has 3 atoms, 
it has 3 vibrational modes58: symmetric stretching, asymmetric stretching, and bending. 
While these three modes are all observable by Raman spectroscopy, or “Raman-active,” 
not all vibrational modes fit this category. Fortunately, selection rules have been devised 
in this field to identify what types of vibrations are Raman-active.  
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Figure 2.5. Vibrational modes of a water molecule. 
 
The strongest inelastic scattering processes in a given material or substance are 
due to the coupling of light and electric moments, and this coupling can be understood as 
a modulation of the electric susceptibility to polariz tion caused by the excitation from 
the incident light.53 Therefore, a vibration associated with Raman scattering can be 
treated as an induced dipole moment, which is expressed in the below equation54: 
  )()( ijijsi E νανµ =       (2-17) 
Ej(υi) is the electric field caused by the incident light as a function of that light’s 
frequency, αij is the polarizability tensor of the scattering medium, and µi(υs) is the 
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induced dipole moment as a function of the scattered light’s frequency. A particular 
vibrational mode is Raman-active if this polarizability tensor αij  changes with position 
during the vibration, or in mathematical terms: 
   0≠
dx
dα
       (2-18) 
The behavior of αij largely depends on the symmetry of the material or m lecule in 
question. Thus, only vibration modes of certain symmetries are Raman active. In 
centrosymmetric molecules and materials, Raman-active modes have gerade (or “even”) 
symmetry; hence, all Raman mode notations will have  “g” subscript. As an aside, so 
called “IR-active” modes, which are observable by IR vibrational spectroscopy, have 
ungerade symmetry (i.e. odd, subscript “u”). Raman-active and IR-active modes are 
therefore mutually exclusive for centrosymmetric materi ls. On the other hand, for non-
centrosymmetric materials and molecules, this mutual exclusivity rule does not apply54; 
water is a good example of this case, as all three of its vibrational modes are both Raman-
active and IR-active. 
Using group theory, theoretically observable Raman modes for a particular 
substance can be determined by symmetry-based selection rules, making characterization 
of a material or substance by Raman spectroscopy an easier task. Of course, Raman 
activity of a mode does not guarantee that it will actually be observed when spectroscopy 
is performed; enough photons are needed to meet the spectrometer’s detection threshold. 
The so-called intensity of a Raman scattering mode depends on the molecule’s Raman 
“cross-section,” which in turn depends on the actual polarizability of the mode. The 
intensity will also depend on the properties of the incident light used during spectroscopy. 
The observed Raman scattering intensity therefore follows this proportionality: 
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iLI να∝        (2-19) 
L represents the power of the incident radiation (i.e. laser power). As the equation shows, 
a greater magnitude of polarizability and a light source of higher frequency (i.e. shorter 
laser wavelength) result in much greater Raman scattering intensity. 
 
2.9. Raman spectroscopy of crystalline phases relevant to SOFC 
 When using Raman spectroscopy to analyze materials of virtually perfect 
crystallinity, most of the vibrational modes that are observed are known as lattice phonon 
modes. The theoretically Raman-active modes in this category for a given material can be 
easily ascertained from a standard character table if the space group is known and 
assigned to peaks on the spectrum. More peaks may be observed on the spectra than the 
theoretical amount of vibrational modes; if extra peaks occur at approximate integer 
multiples of the frequency of an assigned peak, it is likely an overtone of that peak. A 
significant number of defects in the material may also cause other Raman modes to 
appear.53 New modes will usually emerge on spectra in the form f shifting or splitting of 
existing peaks; a good example is shown by a Raman spectrum collected from a sample 
of the common SOFC electrolyte material Sm-doped CeO2 (SDC), which is displayed in 
Figure 2.6. CeO2 has 6 total lattice phonon modes and belongs to the space group Fm3̄m 
(Oh
5).59, 60 The triply degenerate vibrational mode F2g, which is Raman-active, accounts 
for 3 of these modes,  while the other 3 comprise the IR-active mode F1u. Thus, only one 
peak corresponding to F2g should be observed in a given Raman for CeO2 at around 460 
cm-1.59 The spectrum in Figure 2.6 from the Sm-doped sample, however, displays three 
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Figure 2.6. Raman spectrum collected in air from Sm0.1Ce0.9O2-δ powder. 
 
distinct peaks. Therefore, the other peak at 552 cm-1 correspond to extra oxygen 
vacancies induced by the Sm doping.59 
 Graphite, which is the form of carbon seen in coked anode materials, provides a 
very similar scenario; its space group is P63/mmc (D6h
4), and it theoretically contains only 
one doubly degenerate mode Raman active mode (E2g).
61 This mode manifests as a peak 
near 1585 cm-1 on a Raman spectrum collected from carbon and is colloquially called the 
“G-band.” For most carbon samples, other peaks can often be seen on the spectra that 
correspond to defects and resulting disorder in the graphite structure; in particular, a peak 
near 1360 cm-1 is common (the “D-band”). Discussion of carbon Raman spectra 
comprises a considerable portion of the rest of this dissertation. 
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 Characterizing SOFC cathode materials by Raman spectroscopy tends to pose a 
trickier situation. For example, LSM, a popular cathode material, is an orthorhombically 
distorted perovskite belonging to the space group Pnma (D2h
16).62 This space group has 
24 theoretically Raman-active vibrational modes (7 Ag + 5 B1g + 7 B2g + 5 B3g). Since the 
structure of LSM is close to a cubic perovskite in character, however, its polarizability 
properties are weak, so its Raman cross section is low. The bottom spectrum shown in 
Figure 3.3 was collected from a sample of La0.85Sr0.15MnO3-δ powder; because of the low 
Raman signal, only a shallow broad band between 250 and 800 cm-1 can be observed. 
This spectrum required a ~10-minute collection time to achieve the little bit of signal that 
can be seen.  
 Low signal does not necessarily disqualify Raman spectroscopy as a useful 
characterization technique for SOFC cathodes. On one hand, signal from the bulk has a 
smaller chance of swamping useful signal from surface species that are critical to 
understanding reaction mechanisms. Nevertheless, structural information about the bulk 
material’s behavior is still accessible. The top spectrum in Figure 2.7 was obtained from 
LSCF, another popular cathode material. As a rhombohedrally distorted perovskite, 
LSCF is in the space group R3̄c (D3d
6) 63 and has 5 Raman-active modes (1 Ag + 4 Eg). 
Broad peaks for 3 of the Eg modes can be seen in the collected spectrum at 321 cm
-1, 520 
cm-1, and 697 cm-1.64 The spectrum under the one from LSCF, which has the same overall 
shape with peaks in similar positions, was actually collected from a sample of LSM with 
different stoichiometry (La0.8Sr0.2MnO3-δ). The radical change in the Raman spectrum 
associated with the minute change in the LSM stoichi metry suggests a considerable 
change in the overall structure of the material from Pbnm to R3̄c. The largest difference  
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Figure 2.7. Raman spectra obtained from one LSCF sample (green t ace) and two LSM 
samples with slightly different stoichiometry (red and black trace). 
 
 
between the LSCF and La0.8Sr0.2MnO3-δ spectra is the position and shape of the rightmost 
band (697 cm-1 and 646 cm-1, respectively). Since this band corresponds to vibrations 
between the B-site and O ions, the difference in B-site ions between the two materials 
might account for this distinction.  
A similar transition of LSM with a change in La:Sr ratio was reported by Mitchell 
et al.62 Hence, Raman spectroscopy might serve as a good indicator of Sr segregation, 




2.10. Raman spectroscopy and SOFC electrode surface characterization 
While Raman spectroscopy is technically a “near-surface” analysis technique due 
to its relatively large information depth, it is still useful for characterizing SOFC surfaces. 
The main advantage of Raman spectroscopy lies in the fact that it possesses large 
flexibility in terms of conditions under which it can be performed, including the harsh 
temperatures and atmospheres inherent to SOFC electrod  operation. In addition, it is 
quite sensitive to a vast variety of materials and chemical species that are of interest to 
the SOFC field, including different forms of carbon61, 65, 66, hydrocarbons67, sulfur68-70, 
oxygen71-73, and water.5-7 Table A.1 in Appendix A summarizes information about the 
Raman vibrational modes of these materials.  One possible drawback is that Raman 
spectroscopy is not sensitive to pure metals such as Ni, but the presence of these 
materials within the SOFC system tends to be a fixed assumption, so this disadvantage 
does not necessarily apply.  Moreover, Raman spectroscopy can potentially be used 
alongside electrochemical measurements to probe surface species and phases of interest 
(e.g. anode reaction intermediates and products), allowing the direct correlation of 
electrochemical performance to electrode surface chemistry. Therefore, the use of this 
technique in the fuel cell and electrochemistry fields in general has recently grown, and 
part of the impetus for this dissertation is furthe d monstration of its excellent utility. 
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CHAPTER 3: TECHNICAL APPROACHES  
 
3.1. Overview of the Raman spectroscopy system 
 A major portion of the work presented herein was performed using some form of 
Raman spectroscopic characterization. All Raman measur ments were performed using a 
Renishaw RM1000 spectromicroscopy system owned by the Center for Innovative Fuel 
Cell and Battery Technologies at the Georgia Institute of Technology. With this system, 
488 nm and 514 nm excitations can be supplied with a Modu-Laser StellarPro 150 air-
cooled Ar-ion laser, while 633 nm excitation is supplied by a Thorlabs HRP170 He-Ne 
laser. The spectrometer contains laser line cleanup filters and Rayleigh cutoff filters to 
accommodate these three excitation lines, although the experiments in this work only 
utilized 514 nm and 633 nm excitations. For a typical spectrum collection, Raman signal 
was backscattered off the sample surface at 180º, separated by a diffraction grating (1800 
lines/mm), and collected using a thermoelectrically cooled CCD camera. Figure 3.1 
displays the optical pathway and signal collection schematic of the Raman spectroscopy 
system. 
 The microscope part of the system consists of a Leica DM series upright 
microscope equipped with a Prior Scientific ProScan II motorized x-y-z stage. The stage 
has a step size of 20 nm, which allows precision movement well within the spatial 
resolution of the Raman microscope itself. Laser excitation was focused and 
backscattered Raman signal was collected through the same 50X objective (0.40 NA, 8.8 
mm working distance). The 50X objective allows for optical images with 500X  
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Figure 3.1. Schematic of the optical pathway and signal collection in the Renishaw 




magnification and for the laser excitation to be focused on a spot with 1-2 µm diameter, 
giving an effective spatial resolution of 2 µm for Raman signal collection. Collection and 
integration time depended heavily on the materials being analyzed and varied between as 
little as 5 seconds and as much as 1 hour. 
 
3.2. In situ Raman spectroscopy 
For in situ Raman measurements calling for environmental conditi s other than 
ambient atmosphere, a high-temperature reaction chamber (HTRC) from Harrick 
Scientific was employed. The chamber was originally converted from a Harrick Praying 
Mantis chamber used for diffuse reflectance infrared spectroscopy.  The chamber’s top 
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window is transparent quartz, which still allows for the same 180° backscattering 
geometry as in conventional Raman measurements.  The chamber can accommodate gas 
flow using VCO and Swagelok tube fittings. The chamber can also heat ceramic sample 
surfaces up to 600-650ºC; the chamber itself can withstand up to 750ºC, but there is 
always a temperature gradient between the heating element under the sample holder and 
the top surface of the sample being measured. An example calibration curve showing this 
temperature difference is given by Figure B.1 in Appendix B. Finally, a cooling water 
line that runs through the chamber carries away excess heat and prevents thermal damage 
to sensitive equipment in close proximity to the chamber such as the motorized stage and 




Figure 3.2. Photograph of environmental chamber used for in situ Raman microscopy. 
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Electrochemical characterization was combined with Raman spectroscopy for 
certain in situ experiments.  The main equipment for this type of analysis was an Arbin 
MSTAT multi-channel potentiostat. DC polarization can be applied to the sample of 
interest as an electrochemical driving force by lead wires to simulate electrochemical 
operating conditions within a fuel cell system. Platinum wires threaded through the 
environmental chamber’s quartz window were used forexperiments requiring 
polarization and current collection. These wires were attached to a DC-sputtered Ag 
working electrode on the analyzed side of the sample and a porous Ag counter electrode 
on the opposite side using Ag paste.  The electrochemistry induced here can be 
effectively coupled with the Raman data to semi-quantit tively relate the chemical and 
electrochemical interactions on the cathode surface. This methodology was used to study 
the surface of BZCYYb. A photograph and schematic of the complete apparatus are both 
shown in Figure 3.3. 
 
3.3. Sample preparation for ex situ and in situ Raman characterization 
 Raman spectroscopy was used to analyze the structure and water adsorption 
characteristics of various BaO-containing materials and modifications: 
BaZr0.1Ce0.7Y0.1Yb0.1O3-δ (BZCYYb), BaO-modified Ni, and BaZr0.8Y0.2O3 (BZY).  
BZCYYb powder was prepared by conventional solid state reaction. 
Stoichiometric amounts of high-purity barium carbonate, zirconium oxide, cerium oxide, 
ytterbium oxide, and yttrium oxide powders (all from Aldrich Chemicals) were mixed by 
ball milling in ethanol for 48 hours, followed by drying in an oven and calcination at 




Figure 3.3. Schematic of in situ electrochemical Raman analysis (top) along with a 
photograph of the setup (bottom). 
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another calcination at 1100oC in air for 10 hours. Some powders were analyzed directly, 
while other powders were uniaxially pressed into a disk at ~275 MPa and sintered at 
1550 oC for 10 hours in air. One face of each of the sintered pellets was then ground and 
polished to a grade of 1 µm. 
For BaO-modified Ni, the modification was introduced to the NiO powder 
through evaporation deposition; NiO powder was fired at 1200ºC for 2 hours in the 
presence of BaO powder without any direct contact between NiO and BaO particles. 
Modified and blank NiO powders were then treated in flowing dry H2 at 600ºC for 2 
hours in order to reduce the NiO to Ni. 
Finally, BZY was fabricated by ball-milling stoichiometric amounts of YSZ 
(Daichii) and BaCO3 for 24 hours in EtOH with zirconia media and firing the powders at 
1100ºC for 10 hours.  
 
3.4. Raman mapping and monitoring 
For part of this work, Raman spectroscopy was used to study carbon deposition 
and sulfur poisoning on Ni anodes. Different types of samples were prepared for this 
investigation. First, square Ni coupons (~8 mm) were prepared from Ni foil (Alfa Aesar) 
and polished to a grade of 0.1 µm using diamond media, after which the coupons were 
cleaned ultrasonically in acetone, washed with ethanol nd purified water, and then dried 
under a compressed air stream. The coupons were expos d to flowing gas mixture (>100 
sccm flow rate) composed of 15% H2 and 10% C3H8 in dry Ar for 5 minutes at 550°C in 
a quartz tube to induce chemically-driven carbon deposition over the Ni surface. 
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 For the patterned strip electrode samples, YSZ substrates were first prepared by 
tape-casting a YSZ powder slurry (Daiichi). The tape was cut into 1.7 cm discs, after 
which stacks of 3 discs were laminated by uniaxial pressing. The laminated stacks were 
sintered into dense pellets at 1450ºC for 5 hours in air. The dense pellets had a thickness 
of ~400 µm. The pellets were subsequently cleaned and patterned with Ni strips 
deposited using photolithography methods like those described elsewhere.74, 75 
Samples with Ni mesh electrodes were also prepared. Squares of Ni mesh (Alfa 
Aesar, size 50) that were <1 cm in size were sandwiched between packs of YSZ powder 
and uniaxially co-pressed with the packed powder into 13-mm disc pellets (~1 mm 
thickness). The pellets were sintered at 1440ºC for 5 hours in a tube furnace under a 
flowing reducing gas atmosphere (4% H2/bal. Ar) to prevent degradation of the mesh by 
oxidation. After firing, one face of each pellet was mechanically ground away to reveal 
the embedded Ni mesh. The embedded mesh surface was then further polished and 
cleaned by the same method used for the Ni coupon samples. Figure 3.4 illustrates the 
steps for making these samples and shows some magnified images of a typical exposed 
Ni mesh.  
A modification was applied to the Ni mesh samples for some samples by heating 
them to 1200ºC for 2 hours in reducing atmosphere (4% H2/bal. Ar) with BaO powder 
present in the same crucible. While the BaO powder was not placed in physical contact 
with the samples, vapor evolved and deposited on the revealed Ni mesh surface.  For the 
purpose of ex situ measurements, a selection of the patterned Ni and plain/modified Ni 
mesh pellets were heated to 625°C in flowing C3H8 gas for 2 hours. In addition, some Ni 
mesh pellets were used as anodes functional cells by adding Ag paste to the opposite face 
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of the pellet and operating the anodes in 20 ppm H2S / bal. H2 fuel at 767ºC over the 
course of 24 hours. These cells were then aged in air at room temperature for 18 days 
with several Raman scans collected over that period to characterize sulfur poisoning. 
For Raman mapping, spectra were quickly collected from different spots on the 
sample with the laser at maximum focus. Sample moveent was automatically controlled 
by the motorized XYZ stage. Specifically, the Raman system was programmed to obtain 
spectra at the intersections of a rectangular grid overlaying the area of interest with set 
intervals separating the intersections as shown in Figure 3.5. The spectra were centered 
around the Raman shifts corresponding to the modes f the wanted species or phases. 
Since the fully focused beam diameter was ~2 µm, the spectra were collected at 2-µm 
intervals. 
 
Figure 3.4. Illustrated steps for fabricating YSZ-embedded Ni mesh samples (top) along 





Figure 3.5. Optical micrograph of a YSZ-embedded Ni mesh samples with a Raman 




The YSZ pellets with strip-patterned Ni or Cu as well as those with embedded Ni 
mesh were used for in situ carbon deposition monitoring experiments. The former 
samples were heated in the chamber at 625ºC with flowing CH4 gas for 12 hours, while 
the mesh samples were treated at 625°C in a flowing mixed gas containing 4% H2, 5% 
C3H8, and 3% H2O balanced by Ar for 15 hours. Raman signal was colle ted while the 
samples were held at high temperature. 
 
3.5. Surface-enhanced Raman scattering (SERS) methodologies 
 Surface enhanced Raman scattering (SERS) techniques were used to enhance 
signal from analyzed surfaces. Mechanism details and results are described in Chapter 6. 
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3.5.1. SERS for cathode materials 
For studying cathode material surfaces, LSM, and LSCF powders were first 
synthesized by a solid state reaction (SSR) method.  Precursors for the SSR powders 
were ball-milled in ethanol with yttria-stabilized zirconia (YSZ) media for 24 hours.  The 
mixed precursors were then calcined at 1050°C for 10 hours twice, with grinding and 
mixing following each firing.  The resulting powders were uniaxially pressed into 
cylindrical pellets 10 mm in diameter using 3 tons f pressure.  Pressed LSM and LSCF 
pellets were fired at 1350°C (LSM and LSCF). Finally, discontinuous Ag films were 
deposited on the pellet surfaces by sputtering in vacuum for a very short time (e.g. 10-30 
seconds). A Si wafer piece was used as a control sample. 
3.5.2. SERS for anode materials 
For analyzing anode material surfaces with the help of SERS, Ag@SiO2 core-
shell nanoparticles were prepared. First, Ag nanoparticles were prepared by a polyol 
synthesis method similar to a previously published one.76, 77 0.1 g AgNO3 and 1.5 g of 
polyvinyl pyrrolidone were dissolved in 6 mL ethylene glycol. The mixture was heated to 
120°C for 1 hour. Afterwards, this Ag nanoparticle mixture was dissolved in 140 mL of 
ethanol with 4 mL of NH4OH. 0.75 mL of tetraethylorthosilicate (TEOS) was injected in 
the solution while stirring. After 30 minutes of stirring, another 0.75 mL of TEOS was 
injected. The TEOS was used to create the SiO2 shell around the nanoparticles.
77 Finally, 
the excess precursors were separated out by centrifugation, leaving behind Ag@SiO2 
nanoparticles suspended in ethanol. The nanoparticle suspension was applied drop-wise 
to a polished Ni foil coupon and allowed to dry in air overnight. 
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3.6. Bi-electrode supported solid oxide fuel cells 
Information gained about coking tolerance from Raman experiments was applied 
towards modifying bi-electrode supported cell (BSC) anodes for improved performance. 
Details about this architecture and the results of experiments are described in Chapter 8. 
3.6.1. Cell preparation 
Circular YSZ BSC scaffolds (~40 mm diameter) that were prepared by the SOFC 
team at NASA GRC using freeze-casting methods similar to those reported previously78 
were used for this project.  These scaffolds were used to prepare SOFC “slabs” to be cut 
into button cells for testing. A photograph of a typical scaffold prior to infiltration is 
shown in Figure 3.6; the pink coloration is due to a degradable red die that was used to 
test the electrolyte for pinholes. The anodes were prepared at GRC by first infiltrating 
one face of the YSZ scaffold with heavily concentrated Ni(NO3)2 (~8 M concentration) 
solution in methanol and modification solution. Three types of modifications were used: 
3Ba-4Yb nitrate (0.5 M total metal ion concentration), 10Ba-1Zr-7Ce-1Y-1Yb nitrate 
(0.02 M concentration, BZCYYb composition), and 10Ba-9Zr-1Yb (0.03 M 
concentration, BaZr0.9Yb0.1O3-δ or “BZYb” composition). These solutions were all 
homemade. For example, the BZCYYb solution itself was prepared by dissolving citric 
acid, EDTA, and an appropriate amount of zirconyl nitrate in a small amount of water 
(~5 mL). The target molar ratio for citric acid to EDTA to zirconyl nitrate was 15:10:1. 
After mixing this solution, ammonium hydroxide and itric acid were slowly added and 
mixed into the solution until a clear solution with pH ~7-8 was obtained. The final 
solution was added drop by drop to the rest of the metal nitrate precursors (Ba, Ce, Y, 
Yb) and stirred overnight (>12 hours), resulting in a stable  
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transparent solution with very light yellow color. The preparation of the other two mixed 
nitrate solutions was similar. 
For infiltration, the solutions were applied drop-wise to one face of the scaffold 
until visibly saturated. The scaffold was then heated up to 450°C on a hot plate over ~2 
hours, held at temperature for 15 minutes, and thencooled down. Ni and modification 
solutions were alternately infiltrated six times each in this manner in order to establish an 
active electrode layer with a thickness of several µm. Ni-only cells were also infiltrated to 
be used as control samples. All sample slabs were hated to 1000°C for 2 hours to 
complete the conversion of the anode layer to its constituent oxides. Next, a heavily 
concentrated proprietary La-Sr-Co-Fe nitrate solutin with appropriate stoichiometry to 
eventually form the perovskite La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) was infiltrated on the 
opposite face from the anode and heated to 450°C in order to create the cell’s cathode. 
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This step was also repeated a total of 6 times. The completed cell slabs were heated again 
to 900°C to complete the conversion of the cathode lay r to LSCF perovskite. Finally, 
while a blank Ni slab and a BZYb-modified slab were set aside to test as large cells by 
themselves, most slabs were cut into 1-cm button cells by a laser cutter. The resulting 
“glaze” left on the edges of the button cells from the extreme heat of the laser were 
ground away to prevent short-circuiting. Figure 3.7 displays a photograph of a typical cut 
button cell with the anode side facing up. 
3.6.2. BSC performance and stability tests 
Button cells were tested for performance and stabili y at using an apparatus like 
the one shown below in Figure 3.8. Coiled Ag wire was used as the current collector and 
attached to the anode using NiO paste and the cathode using Ag paste. The cell itself was 
mounted atop an alumina tube fixture with the anode facing into the tube so that it could  
 
Figure 3.7. Typical BSC button cell with the anode side face-up. 
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Figure 3.8. Schematic for performance and stability testing of button cells. 
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be sealed off at the edge from the air using Ceramabond (Aremco Scientific). A thinner 
tube running down the center of the mount tube acted as the fuel flow supply, while any 
exhaust exited out the bottom of the mount tube. The cathode was exposed to open air in 
order to supply oxygen to the cell. 
Mounted cells were heated in a tube furnace up to 100°C, held for 1 hour, heated 
to 260°C, held for another 1 hours, and finally heated to 100°C. The first two heating 
steps were used to cure the Ceramabond. A 1°C/min. ramping rate was used during 
temperature increases. Once a cell had dwelled at 800°C for at least 2 hours, N2 or Ar gas 
was allowed to flow through its tube fixture at 40 sccm for 15 minutes to flush the air out 
of the fixture. Next, the flowing gas was switched to H2 for 1 hour to reduce the cell’s 
anode. Following this step, testing was begun. 
For the button cells, performance was tested at 600, 5 , 700, 750, and 800°C by 
linear voltammetry using wet H2 fuel (40 sccm, 3% vol. H2O). A room-temperature water 
bubbler was used to supply humidity. Stability was te ted by applying a constant current 
or voltage to the cell over time while supplying the anode with H2, CH4, C3H8, and/or 
H2S gas. In the case of C3H8 gas, a very low flow (5 sccm) diluted with N2 was used to 
prevent quick catastrophic failure of the cell as the gas is very prone to pyrolysis, which 
would clog the fuel gas supply tube with carbon andimpede the fuel from reaching the 
anode. When H2S gas was used for sulfur tolerance testing, the H2S content on the gas 
flow was never more than 30 ppm. All of the aforementioned electrochemical testing was 
performed using an Arbin MSTAT potentiostat. The effective electrode area of these 




Performance and stability testing of the larger “full-slab” cells was performed at 
the NASA Glenn Research Center. Silver mesh was used a  current collector for both 
electrodes and was attached using gold paste. A platinum wire was also attached near the 
outer part of the electrode to assist with current collection and function as the cell’s 
connection to the electrochemical testing equipment. The cells were sandwiched between 
two heavy 2-inch stainless steel plugs attached to gas feed pipes that formed the cell test 
assembly. The surfaces of the plug in contact with the anode side of the cell and the 
inside of the fuel gas inlet were coated with Cu by electroplating in order to attempt to 
prevent carbon deposition on those surfaces. 
The large cell test assembly was mounted in a tube f rnace. Figure 3.9 shows a 
photograph of the mounted assembly in with the furnace opened. The assembly was 
heated in the furnace with no gas flow to 40°C overnight to slowly dry the gold paste. 
Next, the temperature was ramped up to 400°C at 5°C / min; once this temperature was 
reached, dry compressed air was fed to the cathode side at 50 sccm while a wet 50/50 
mixture of N2 and H2 fed to the anode at the same flow rate. Again, fuel was fed through 
a room-temperature water bubbler before reaching the cell. Ramping was continued at 
5°C/min up to 800°C. During this time, the gas flow rate on each side was gradually 
increased and the anode side was made more fuel-rich. When the assembly reached 
800°C, the anode was fed with 75 % H2 / 25% N2 at 400 sccm, and the cathode was 
flooded with compressed air at 1000 sccm. The system was allowed to equilibrate for 1 
hour before any electrochemical testing was performed. 
For performance testing, linear voltammetry was performed on the large cells at 
800°C in H2 and CH4 fuels. For the latter case, 100% CH4 was fed to the anode at 100  
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Figure 3.9. Photograph of the fuel cell rig used for testing lar e “slab” BSCs at the 




sccm. The stability of the cells was tested in CH4 at 800°C by holding the cells at 
constant current over time. Active electrode area was estimated as ~12.5 cm2. 
 
3.7. Other characterization 
To help validate the findings of the various experiments outlined above, other 
conventional characterization methods were used. In the carbon deposition studies 
described in Chapter 5, scanning electron microscopy (SEM, Hitachi S800) and atomic 
force microscopy (AFM, Veeco Nanoscope IIIA) were employed for Ni surface 
characterization purposes. 
For the SERS investigations described in Chapter 6, SEM was used to analyze the 
sputtered Ag substrates. Transmission electron microscopy (TEM, JEOL JEM) was used 
to characterize core shell nanoparticles. 
 In the portion of this work involving BSCs (Chapter 7), the modification solutions 
by themselves were evaporated following synthesis and c lcined at 1000°C. The resulting 
powders were analyzed by X-ray diffraction and Raman spectroscopy to confirm their 
phases. Cell microstructure was examined by SEM (JEOL JSM) before and after 
operation, and Raman spectroscopy was used to assess cell degradation following 
operation. 
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CHAPTER 4: RAMAN SPECTROSCOPY OF BA-CONTAINING OXIDES  
 
4.1. Structural analysis of BZCYYb 
 Ba-containing oxides have attracted interest for SOFC applications due to their 
potential for providing coking and sulfur poisoning tolerance5-7. In particular, 
BaZr0.1Ce0.7Y0.1Yb0.1O3-δ, or BZCYYb, has been shown to be a very effective anode 
material for running fuel cells on hydrocarbon fuels when combined with Ni. The 
structure of BZCYYb is thought to consist of a barium zirconate-cerate perovskite solid 
solution co-doped with Y3+ and Yb3+ cations at the B sites. Since Ce4+ is the majority 
cation in the B site, the material’s crystal structure would most likely resemble that of 
BaCeO3, which is an orthorhombic perovskite in the Pbnm space group
79. Materials in 
this space group have 57 vibrational modes, and 24 of those are theoretically Raman-
active. In contrast, BaZrO3 is a cubic perovskite in the space group Pm3̄m, and it has only 
12 vibrational modes and 0 theoretical Raman modes80. 
 Raman spectroscopy was used to help verify the structure of BZCYYb. Figure 
4.1a shows a Raman spectrum that was collected from a typical BZCYYb powder. The 
sharp peaks located at 290, 316, and 335 cm-1 were assigned to BZCYYb, while the small 
peak at 460 cm-1 indicated a small amount of excess CeO2 left over from the solid state 
reaction used to synthesize the powder50, 71. These results were compared to previous 
Raman-based studies of the structure of BaCeO3.
79, 81 In these studies, the Ce4+ cations in 
BaCeO3 were characterized as residing at “tilted” octahedral sites formed by the O
2- 
anions as illustrated in Figure 4.1b. Raman spectra collected from BaCeO3 included three 
peaks at 307, 328, and 349 cm-1 that were similar in shape to those shown in the  
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Figure 4.1. (a) Raman spectrum collected in air from typical BZCYYb powder. (b) Tilted 
octahedral site in BaCeO3. (c) Vibrational mode assignments for peaks in a ch racteristic 
Raman spectrum obtained from BaCeO3. 
 54 
BZCYYb spectrum. Peak assignments are shown in Figure 4.1c; they correspond to  
various stretching and bending vibrations between th  Ce4+ and O2- ions. Unfortunately, 
the instrument configuration used to collect the BZCYYb spectrum could not access 
peaks below 200 cm-1, where other phonon modes for this structure are found. 
Nonetheless, given the similarities between the BaCeO3 and BZCYYb Raman spectra, 
one can infer that they have very similar structure; th  B site ions are likely coordinated 
in the same fashion. The slight differences between th  analogous Raman peaks are likely 
related to the dopants and substitutions in the B site of BZCYYb. 
 
4.2. Water and OH groups on BZCYYb 
Raman spectroscopy was used to probe for the presenc  of water on the surface of 
BZCYYb. A typical full-range spectrum from a sintered and polished BZCYYb pellet 
surface is shown in Figure 4.2. The band located at 344 cm-1 corresponds to the Raman 
modes discussed above; the three peaks all broadened slightly following sintering, 
seemingly merging. The 650 cm-1 band is a second-order harmonic of the first band54.  
The peak at 210 cm-1 and the set of modes between 2750 cm-1 and 3650 cm-1 (inset of 
Figure 4.2) correspond to OH modes inherent to the material. Previous studies suggest 
that the characteristic OH-bond stretching vibration modes appear in this regime.82-84 
4.2.1. In situ detection of water on BZCYYb  
Raman spectra were collected from BZCYYb powder at different times over the 
course of exposure to flowing wet Ar gas (~3 v% water) in the Raman environmental 
chamber at room temperature, where incorporation of water into the bulk phase of 
BZCYYb was unlikely because of limited bulk diffusion. Figure 4.3A displays those 
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spectra. The BZCYYb powder sample was first dried at 400°C under evacuation for 10 
hours to remove water from the sample. Upon exposure to wet (3 v% H2O) argon at room 
temperature, the mode centered near 3310 cm-1 appeared quickly, while the mode near 
3580 cm-1 emerged more slowly over time.  The presence of the modes in the 3100-3700 
cm-1 range, particularly the mode that peaks near 3580 cm-1, was strongly indicative of 
multi-layered surface water molecules, as modes at higher wave-numbers correspond to 
subsequent layers of water with weaker hydrogen bonds.85 Thus, one possible 
explanation for this behavior is that a strongly bonded layer of water accumulates at the 
surface quickly in a wet atmosphere, while subsequent layers of water build up more 
slowly. These features are notably absent for the sample exposed to dry gas.  Spectra 
collected in situ from samples held under the same gas conditions at 500ºC display 
similar features and contrast (Figure 4.3B). 
 
Figure 4.2. Typical Raman spectrum collected from a polished and si tered BZCYYb 






Figure 4.3. In situ Raman spectra collected from BZCYYb sample (A) at room 
temperature under wet Ar gas at various exposure tim s and (B) at 500°C in dry and wet 
argon. 
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4.2.2. Electrochemical in situ spectroscopy of species on BZCYYb 
In situ analysis was employed to characterize changes in concentrations of OH 
groups on BZCYYb under conditions that included electrochemical stimuli. For these 
initial in situ experiments, spectra were collected at room temperature in a flowing gas 
atmosphere consisting of 3% H2O and 4% H2 balanced by Ar. A bias voltage of -0.7 V 
was applied to the BZCYYb pellet sample using the sputtered Ag electrode on the 
exposed BZCYYb pellet face, a porous Ag counterelectrode on the opposite face, and 
lead wires connected to a potentiostat. 
Different positions on the BZCYYb surface with respct to the sputtered Ag 
electrode were probed. Figure 4.4a shows an optical micrograph of the vicinity of the 
interface between the sputtered Ag electrode and the uncovered BZCYYb surface. The 
spots that were probed are marked in this image. Lower cm-1 range Raman spectra 
obtained from these spots are displayed in Figure 4.4b along with a typical spectrum 
collected from the BZCYYb while no bias is applied. As can be seen, the characteristic 
BZCYYb peaks did not vary considerably with position r bias; however, the peak at 210 
cm-1 was observed to be slightly more intense at the measur d spot closest to the 
electrode, indicating greater concentration of OH groups in this region. It should be noted 
that Raman spectra in general did not vary with position when no bias was applied. 
Figure 4.4c shows the higher wavenumber range of Raman spectra obtained in the 
same fashion. For this wavenumber range, the chamber conditions introduced a 
significant background signal, so this “noise” was subtracted from each of the measured 
spectra. As a result of this treatment, the no-bias spectrum had essentially zero signal. In 





Figure 4.4. (a) Optical micrograph of Ag/BZCYYb interface with Raman measurement 
and (b,c) Raman spectra collected from marked spots under wet educing atmosphere and 
-0.7 V bias. 
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again indicating an increase in OH concentration clse to the electrode.  
Finally, the BZCYYb sample was heated to 500ºC under th  same flowing gas. 
Interestingly, according to the Raman spectrum colle ted near the interface of the Ag and 
BZCYYb, carbon became present on the surface of the Ag electrode (Figure 4.5, top 
spectrum). This electrode was attached to the wire using Ag paste, so it is possible that 
the organic material in the paste was not fully eliminated before the experiment. This 
material may have pyrolized and left behind some carbon on the silver electrode. When a 
-0.7 V bias was applied, however, the Raman signal associated with carbon65 decreased 
(Figure 4.5, bottom spectrum), indicating that the carbon was driven off the surface, 
likely with assistance from the nearby BZCYYb. Since the applied electrochemical 
stimulus was responsible for the carbon removal observed in this case, the mechanism for 
carbon removal may bear similarity to the water-remediated coking tolerance mechanism 
in an actual fuel cell anode that contains BZCYYb. These preliminary results indicate 
that more systematic experiments along this vein might be worthwhile. 
 
Figure 4.5. Raman spectra obtained near the interface of the Ag lectrode and BZCYYb 
at 500ºC in flowing 4% H2 / 3% H2O / bal. Ar gas with/without an applied -0.7 V bias. 
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4.3. Raman analysis of water on BaO-modified Ni anodes 
Water uptake behavior was also confirmed by Raman spectroscopy on BaO-
modified Ni powders. Presented in Figure 4.6a are Raman spectra obtained from plain Ni 
and BaO-modified Ni powders in wet flowing H2. The peak near 1600 cm
-1, 
corresponding to the bending mode of water84, is observed on the Raman spectra 
collected from the BaO/Ni sample, but absent on that from a pure Ni exposed to wet H2. 
Figure 4.6b shows the upper range of Raman spectra collected from a typical BaO/Ni  
sample in wet and dry atmospheres; the broad mode between 3450 and 3700 cm-1 on the 
spectrum from the BaO/Ni sample exposed to wet H2 indicates the presence of water with 
weak hydrogen bonds that is likely on the surface of the sample.82 In contrast, these 
spectral features disappeared when the same sample was exposed to dry H2, further 
confirming the water uptake capability of the surface layers. 
DFT calculations performed with the assistance of Dr. Yongman Choi at 
Brookhaven National Laboratory were used to validate the Raman measurements. A 
modeled BaO/Ni surface is illustrated in Figure 4.7. For this system, the calculations 
confirmed that a H2O bending mode (υw,b) exists at 1594 cm
-1, while two stretching 
modes (υh1 and υh2) of adsorbed OH species on BaO are at 3368 and 3716 cm
-1, 
respectively. 
Given that the presence of both H2O and OH groups on BaO-modified Ni was 
demonstrated both theoretically and experimentally by Raman spectroscopy, water likely 
adsorbs on the surface both molecularly and dissociatively. The latter case allows for 
formation of intermediate species like COH that canhelp elimination of carbon from the 




Figure 4.6. (a) Raman spectra collected from BaO/Ni and pure Ni samples in wet H2 
(with ~3 v% H2O) atmosphere at room temperature. (b) Raman spectra collected from 
BaO/Ni samples in dry and wet H2 (with ~3 v% H2O) atmospheres at room temperature. 
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Figure 4.7. Top and side views for the interaction of H2O on two-layer BaO deposited on 
p(3×3) Ni(111) containing 6 Ba and 6 O atoms. “W”, “h1”, and “h2” represent 
molecularly adsorbed H2O and dissociated hydroxyl species, while vw,b, vh1, and vh2 are 
the vibration modes of H2O bending and two OH stretching (1594, 3716, and 3368 cm
-1), 
respectively. Large balls in Brandeis blue, green, and red are Ni, Ba, and O of BaO, 
respectively, while small balls in red and white arO from H2O and H, respectively. 
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4.4. Raman spectroscopy of BaZr1-xYxO3-δ 
 
Similar to BaO nanoparticles, recent work has demonstrated that the inclusion of 
a thin film of BaZr1-xYxO3-δ (BZY) on the surface of YSZ in a Ni-YSZ anode leads to 
excellent coking tolerance. BZY has also shown water dsorption properties akin to the 
other Ba-containing oxides discussed so far. Shown in Figure 4.8 are typical Raman 
spectra taken from pure BZY (BaZr0.8Y0.2O3-δ) and YSZ powders after treatment in wet 
Ar (3 vol. % H2O) with 4 vol. % H2 at 750°C for 4 hours. Clearly, a band that peaks near 
3575 cm-1, assigned to OH-stretching modes, was present in the BZY powder, indicating 
strong water and OH adsorption on the BZY surface. In contrast, no water adsorption was 
present in the YSZ powder. Looking further down the Raman spectra of BZY, a peak at 
1625 cm-1 assigned to a water bending mode was present under wet gas, while this peak 
disappeared upon 2 hours of heat treatment at 600ºC in dry atmosphere, indicating 
desorption of water (Figure 4.9). Further, DFT calculations performed using a model 
BZY surface indicated a high preference for both molecular and dissociative adsorption 
of water. 
For reference, Figure 4.10 shows the typical spectrum for BZY powder in the 
lower cm-1 range under both wet and dry atmospheres. The chara teristic features for 
BZY identified by others86 can be observed in both of these spectra. Although BZY is in 
the space group Pm3̄m and has no theoretical Raman modes, the peaks observed are 
likely the result of defects induced by the doping of Y into the Zr sites.   Since the 
spectral features are the same in each case in this range, the material likely has good 
chemical stability under both atmospheres. 
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Figure 4.8. Raman spectra collected from BZY and YSZ powders following treatment in 
wet 4% H2 / bal. Ar. 
 
Figure 4.9. Raman spectra collected from BZY and YSZ powders following treatment in 




Figure 4.10. Characteristic Raman spectra obtained BZY following wet gas treatment 




4.5. Findings and outlook 
 
The investigations summarized in this chapter suggest that the connection 
between the various Ba-containing oxides that add coking tolerance to SOFC anodes is 
water adsorption. Further, Raman analysis was demonstrated as a useful tool for 
characterizing these types of materials and their water uptake behavior. Therefore, 
Raman spectroscopy is likely a viable way of screening anode modifications that would 
potentially convey coking and sulfur poisoning tolerance based on their water adsorption 
capability. In subsequent chapters, the Raman spectroscopy’s capability to examine these 
degradation behaviors more directly is also examined. 
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CHAPTER 5: RAMAN ANALYSIS OF COKING AND SULFUR POISONING 
 
5.1. Coking and sulfur poisoning tolerance in SOFC anodes 
As was mentioned previously, supplying SOFCs with hydrocarbon fuels poses 
many problems for systems using state-of-the-art maerial specifications, such as 
ceramic-metal composites (cermets) of Ni and yttria-stabilized zirconia (YSZ).  Ni, the 
most common active component of anode materials used for SOFCs and for reforming of 
hydrocarbon fuels, is very prone to carbon deposition on its surface, or “coking.”8, 87  
Even supplying a conventional Ni-anode SOFC with the low-order hydrocarbons (i.e. 
CH4 and C3H8) contained in natural gas tends to result in very aggressive coking with 
blocking of active reaction sites and quick anode performance degradation when the 
temperature is high enough.5, 8  In addition, single-digit ppm level H2S contamination 
within in the fuel has been shown to cause a performance drop of well over 10% within 
the cell.20 
To make SOFCs truly fuel-flexible and candidates for more effective power 
systems, the issues of anode coking and sulfur poisoning tolerance need to be addressed. 
Anode materials and structures beyond traditional cermets have been explored by SOFC 
researchers to this end. Recently, a new material, BaZr0.1Ce0.7Y0.1Yb0.1O3-δ (BZCYYb), 
was reported to provide the anode with excellent tolerance to coking and sulfur poisoning 
under SOFC operating conditions in the presence of moisture.5  
Other alternatives with appreciable coking tolerance, such as (La,Sr)TiO3-δ,
88, 89 
Sr2(Mn,Mg)MoO6-δ,
90 liquid Sn,91 and Cu-based21, 22 anodes have been proposed as well. 




93 have shown promising sulfur tolerance.  
Unfortunately, the chief problems facing their applicability to fuel cell systems lie in 
physical, chemical, and thermal incompatibilities with state-of-the-art YSZ electrolyte, 
relatively high cost, and lower overall catalytic performance. On the other hand, efforts 
have been made to improve the degradation tolerance of more conventional Ni-YSZ by 
modifying the surface of Ni with nanostructured “islands” of BaO 6 and Y-doped BaZrO3 
coatings.7 
Some questions remain on how such modification conveys coking and sulfur 
poisoning resistance to the anode. For example, in the case of the BaO nanoparticles, one 
hypothesis revolves around the considerable affinity of BaO for water. According to DFT 
calculations performed for this material6, nanoscale particles of BaO are capable of water 
adsorption. The adsorbed water can subsequently dissociate and form hydroxyl groups 
which may migrate to the Ni surface and assist in removing carbon from the Ni surface 
that is deposited by the cracking or pyrolysis of the hydrocarbon fuel. An improved 
understanding of this tolerance mechanism, such as knowledge of how and where the 
carbon deposits on the Ni electrode surface and how far away from the nanostructures the 
carbon removal effect happens, is vital to a more optimized design of coking-tolerant 
anodes. Obtaining such information requires direct observation and quantification of the 
carbon as it deposits on the anode surface under relevant operating conditions. Raman 
spectroscopy is ideally suited for gathering this information. In particular, the sensitivity 
of Raman spectroscopy to carbon species and its ability to distinguish between different 
forms of carbon bonding has been established quite well up to this point.65, 94-98 
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5.2. Raman spectroscopic investigation of degradation in SOFC anodes 
Walker et al. first developed and demonstrated a Raman microscopy system that 
was capable of in situ detection of coking on Ni-YSZ anodes.97-99 Since then, others have 
adapted this methodology for similar investigations.19 In addition, surface-enhanced 
Raman methods have been used to further increase the sensitivity of Raman spectroscopy 
to carbon on anode surfaces.100  
To truly understand degradation and tolerance mechanisms related to carbon and 
sulfur for SOFC anodes, the ability to effectively map the location and form of the 
deposited specie with adequate spatial resolution is needed. Yoshinaga et al. 
demonstrated ex situ Raman mapping of carbon on Ni.101 Pomfret, Owrutsky, and co-
workers have developed near-infrared thermal imaging techniques for monitoring coking-
related degradation in SOFCs operated on alkane and alcohol fuels.99, 102 In addition, 
Cheng, Dong, and co-workers recently applied Raman spectroscopy to the study of sulfur 
poisoning68, 69, 103. The goal of the current work is to expand upon this information even 
further by improved mapping and monitoring of species deposited both ex situ and in situ 
on Ni-based anodes with and without surface modificat ons by novel methods. For 
comparison purposes in the coking investigation, Cu anodes were also evaluated.  Cu 
anodes have been shown to be much less active towards coking than Ni.22 
 
5.3. Raman mapping of coking on pure Ni surfaces 
Ni coupons were used to study how coking varies over a polycrystalline Ni 
surface. For a larger portion of this investigation, electrodes having well-defined 
boundaries with YSZ electrolyte material were employed to resolve phase boundaries. 
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Microscale patterned Ni and Cu strips that were deposited on YSZ substrates 
using photolithography methods74, 75 as well as Ni mesh embedded in YSZ served these 
purposes.  In situ experiments were performed using the environmental ch mber designed 
for direct Raman analysis of samples under high temperature and fuel gas atmosphere. 
This study puts some emphasis on studying coking on Ni-based SOFC anodes from low-
order alkane fuels, namely CH4 and C3H8.  
 Figure 5.1 displays a portion of a typical Raman spectrum collected ex situ from a 
heavily coked spot on a Ni coupon following exposure to C3H8-containing gas at 550ºC. 
Over the 1200-1750 cm-1 region, the spectrum contains three primary featurs at 1357 
cm-1 (“D-band”), 1585 cm-1 (“G-band”), and 1617 cm-1 (“D’-band”). The G-band 
corresponds to C-C stretching that is common to all sp2-bonded carbon, while the D-band 
and D’-band features reflect disorder in the structure of the deposited carbon.65 Raman 
features related to the D-band were the focus of the ex situ mapping studies; although the 
G-band was at times the spectral feature of greater in nsity, some samples contained 
YSZ, whose characteristic Raman spectrum contains a broad peak in the same 
wavenumber range as the G-band when collected at room temperature. A corresponding 
spectrum for “uncoked” Ni is also shown, although it is featureless due to lack of active 
Raman modes in Ni metal itself. 
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Figure 5.1. Typical Raman spectrum collected in air from a spot on he surface of a Ni 
coupon before (black trace) and after exposure to C3H8-containing gas at 550°C (red 
trace).  The spectral band assignments highlighting characteristic carbon features are 




Presented in Figure 5.2a is an optical micrograph of a ~100 µm-wide area on the 
surface of the same Ni coupon along with a Raman intensity map for the carbon D-band 
of the same area (Figure 5.2b). Example spectra from a few of the mapped spots are 
shown in Figure 5.2c. From the optical micrograph, varying areas of discoloration with 
loose black particles in some places can be seen on the Ni surface, suggesting different 
levels of coking within the imaged area. The corresponding Raman map was plotted 
using a ratio of the integrated intensity for the D-band (area under 1250-1445 cm-1) and 
the background signal. A direct correlation between higher carbon D-band intensities and 
higher levels of discoloration can be observed from the map and micrograph, indicating 
that the Raman mapping is a viable semi-quantitative indicator of how the carbon 
distribution varies across the Ni surface. This capability is important for understanding 
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coking and the corresponding tolerance phenomena since knowing where the carbon 
deposits gives clues about the relevant mechanisms. 
These results indicate that initial coking was not h mogeneous across the nickel 
surface. By examining different areas of the surface using scanning electron microscopy 
(SEM), we found clear grain boundaries that appear to separate regimes of carbon 
deposition, which was indicated by areas of dark discoloration (Figure 5.2d). Since this 
nickel coupon is polycrystalline and grains with different orientations will exhibit 
different crystal planes when they are polished, it is most likely that the heterogeneity in 
coking levels originated from varying propensities for carbon deposition across different 
crystal planes. A similar relationship between crystal plane orientations and coking 
tendencies was reported previously.104 Finally, the micrograph in Figure 5.2d also shows 
that coking within some grains formed discontinuous, non-solid-colored patterns. Since 
the sample examined had been exposed to C3H8 for a relatively short time, the patterns 






Figure. 5.2. (a) Optical micrograph of a Ni coupon after exposure to C3H8-containing gas 
at 550°C along with (b) a map of carbon D-band Raman intensity (integrated from 1270 – 
1445 cm-1) collected from the same area. (c) Actual spectra from selected spots of the 
map. (d) SEM micrograph of the same Ni coupon. Note that some of the grain boundaries 
are indicated by dotted red lines. 
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Besides the contrasts shown in optical image, SEM and Raman mapping, coking 
also produced morphological distortions on the polycrystalline nickel surface. For 
example, Figure 5.3a displays an image of the polished and cleaned Ni coupon surface 
prior to any other treatments. In most areas, the surface had a smooth texture although a 
small number of polishing media particles missed by the cleaning step can be seen. In the 
smooth areas, topographic variation was 10 nm, as measured by cross-sectional analysis 
of the AFM image (Figure 5.3b). The Ni surface morphology was changed considerably 
by carbon deposition, even in areas where coking was not severe. Figure 5.3c shows a 
high-magnification SEM image of a lightly coked are on a Ni coupon exposed to C3H8-
containing gas at 550°C for 5 minutes. The surface was roughly textured in comparison 
to the untreated Ni. In addition, AFM images over the same area revealed nanoscale dot 
features (see inset in Figure 5.3c). These features lik ly represent the sites of initial 
carbon nucleation. The same analyses performed on a heavily coked area showed an even 
rougher surface texture (Figure 5.3d). In this case, much larger granules were observable 
in the AFM image. 
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Figure 5.3. (a) SEM image of the surface of a polished Ni coupon. (b) AFM image of a 
typical area on the surface of a polished Ni coupon. (c,d) SEM images of a lightly coked 
region and a heavily coked region (respectively) of the Ni coupon after exposure to C3H8-




5.4. Coking variation across Ni-YSZ surfaces 
 
On the other hand, of greater interest to those in the field of SOFC research is 
where and how carbon actually deposits during coking processes in multi-phase or 
composite anodes which contain Ni. To address this issue, electrodes with well-defined 
boundaries vis-à-vis YSZ substrates52, 68 were used in this work. Figure 5.4a shows an 
example micrograph of patterned Ni strips on YSZ. The darker strips are the Ni phase 
and the lighter areas are exposed YSZ substrate. The widths of the Ni strips were ~10-15 
µm, while the distances between the strips varied from and 15-30 µm, respectively. 
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Figure 5.4b displays the same area after exposure to C3H8 gas at 625°C for 2 hours. The 
Ni strips turned completely black from carbon depositi n on the surface. Figure 6.4c 
provides a higher magnification of some of the coked strips. A Raman map of the area 
shown in Figure 5.4c was collected for the carbon D-band (Figure 5.4d). The D-band 
intensity was much higher along the Ni strips, indicating that carbon preferentially 
deposited on Ni and that the YSZ surface experienced little or no coking. This finding 
supports the notion that a heightened susceptibility of Ni to coking is the main cause of 
related degradation problems. 
While the information gleaned from the x situ experiments is certainly 
interesting, similar findings have been reported by others in previous studies96, 101. 
Furthermore, one could have reached the same information by more conventional surface 
methods like electron spectroscopies. The true advantage of Raman spectroscopy and 
mapping lies in the possibility of in situ analysis of SOFC anodes; specifically, the 
technique can be used to probe and map anode surfaces under cell operating conditions. 
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Figure 5.4. (a) Optical micrograph of strip-patterned Ni electrode deposited on YSZ 
substrate; the same Ni electrode is shown in (b) following severe coking caused by 
exposure to C3H8 at 750°C for 2 hours. (c) Higher magnification of c ked Ni electrode, 




5.5. In situ Raman mapping of carbon deposition 
 
For the current in situ Raman work, the Ni and Cu electrodes were directly 
analyzed during exposure to typical CH4 or C3H8 fuel gases at high temperature in an 
environmental chamber. To demonstrate the Raman spectroscopy’s ability to spatially 
map carbon deposition under in situ conditions, a strip-patterned Ni electrode was 
analyzed while exposed to CH4 at 625°C in the environmental chamber. After 12 hours of 
exposure, a map of the integrated intensity in the 1200-1700 cm-1 range was collected 
from the area marked in Figure 5.5a. The integrated intensity from this range includes the 
D-band, G-band, and D’-band. Comparing the spectrum in Figure 5.1 with its analog in 
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Figure 5.5b, the high analysis temperature led to notable broadening of the Raman 
features, reduction in intensity, and increased background noise from more thermal 
vibrations. These spectral changes limited the amount f available Raman signal, so the 
entire range was used instead of a single Raman mode in order to maximize success in 
detecting total amount of carbon. In addition, these factors also reduced the image 
resolution as compared to ex situ experiments. Fortunately, as can be seen in these 
spectra, the YSZ band near 1600 cm-1 was not so prominent at high temperature; the 
suppression of this band makes the deconvolution of the carbon signal into its constituent 
bands, and therefore identification of the forms of carbon present, an easier task.  
Moreover, as Figure 5.5b shows, relevant signal was detected almost exclusively 
from the Ni surface, indicating that coking preferentially occurs there. This observation is 
supported by SEM imaging over the same area that was performed after cooling down 
and removing the sample from the chamber. As shown in Figure 5.5c, nodule-shaped 
particles were only visible on the Ni surface. These particles were not present on the Ni 
surface before exposure to CH4 and were thus likely related to carbon deposition. The 
particle deposition pattern appeared to be discontinuous, and the particles themselves 
were only 10-100 nm in size. 
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Figure 5.5 (a) Optical micrograph of strip-patterned electrode exposed to CH4 gas at 
625ºC. (b) Raman spectra and intensity map of totalcarbon signal collected in situ from 
the area marked in (a) at the 12-hour mark during CH4 exposure. (c) SEM image of the 
patterned electrode following CH4 treatment.
105 
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The same atmosphere and temperature treatment was also applied to YSZ pellets 
with Cu electrodes, and Raman spectra were collected in situ from the Cu surface (Figure 
5.6). Cu was chosen for comparison due to its lack of strong catalytic activity towards 
carbon formation. No distinct features above the background can be observed in the 
spectrum obtained right before CH4 exposure, and the one taken at the 12-hour mark 
during exposure shows only the slightest amount of carbon signal. As expected, the 
acquired spectra confirmed that carbon formation does not occur on Cu as aggressively as 
it does on Ni under the same conditions. 
 
Figure 5.6. Raman spectra collected from the surface of a Cu electrode while heated at 





5.6. In situ Raman monitoring of carbon deposition 
For subsequent demonstrations of the capability of Raman spectroscopy for in situ 
monitoring of carbon deposition at specific microscale electrode sites over time, Ni mesh 
electrodes embedded in YSZ were used in lieu of the strip-patterned electrodes. While the 
strip-patterned electrodes served as an ideal test b d for an initial fundamental 
demonstration of the ability to map deposited carbon on anode surfaces, the mesh 
electrodes would ultimately be more suitable for serving as functional anodes that could 
be simultaneously characterized by Raman spectroscopy methods and electrochemical 
testing; the mesh samples are easier to fabricate by conventional ceramic processing and 
would allow for more efficient current collection. Efforts towards coupling 
electrochemical SOFC tests with the Raman techniques o tlined here, while not covered 
in this work, are ongoing. 
For in situ experiments involving the monitoring of carbon deposition on Ni mesh 
electrodes, C3H8-containing gas was used instead of CH4 to provide a more aggressive 
test of coking resistance. The gas was bubbled throug  water before entering the chamber 
in lieu of electrochemically producing the water at the electrode. Finally, the Ni mesh 
was modified with BaO using methods very similar to th se described in Yang et al.6 in 
order to promote water adsorption of the anode and directly evaluate its effect on coking 
tolerance. 
Figure 5.7a displays an optical micrograph of an unmodified Ni mesh electrode at 
625°C in reducing atmosphere (to prevent undesired Ni oxidation) directly before 
introduction of C3H8. After C3H8 began flowing into the chamber, spectra were colleted 
periodically from a spot on the surface of a sample of Ni mesh. This spot is marked by 
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the green dot in Figure 5.7b, which shows the mesh after 15 hours of wet C3H8 exposure 
at 625°C. Some extent of the damage to the mesh caused by coking can be seen in the 
micrograph by itself. Nonetheless, Raman spectra collected from the Ni mesh and YSZ 
substrate (Figure 5.7c) once again demonstrated that a c rbon signal was only detectable 
on the Ni surface; the spectrum from the substrate showed only YSZ features. 
A plot of the change in relative carbon signal intensity over the first few hours of 
exposure time is shown in Figure 5.8. The intensity of the carbon signal increased as 
carbon built up on the surface of the Ni from coking. The amount of detectable carbon 
signal eventually leveled off after a few hours, which was likely due to the thickness of 
the deposited carbon on the Ni exceeding the penetration depth of the Raman excitation. 
  
 
Figure 5.7. (a) Optical micrograph of Ni mesh embedded in YSZ. (b) Same embedded Ni 
mesh after exposure to C3H8-containing gas at 625ºC for 15 hours. (c) Raman spectra 





Figure 5.8. Plot of change in carbon Raman signal intensity colle ted over time from Ni 




A Ni mesh sample modified by BaO was subjected to the same experimental 
conditions. A micrograph of the surface of the modifie  Ni sample during wet C3H8 
exposure at 625°C is shown in Figure 5.9. The micrograph was captured at the 15-hour 
mark near the Ni/YSZ interface. The spots that can be observed on the Ni surface were 
caused by modification treatment, since they were present on the modified Ni prior to any 
exposure to C3H8 and did not change afterward. The Raman spectra displayed in Figure 
5.9 were collected from the marked spots on the modified sample. Carbon signal was not 
detectable even on the Ni surface in this case. In contrast, spectra collected from both 




Figure 5.9. Optical micrograph near interface of BaO-modified Ni mesh and YSZ 
during C3H8 treatment (left) and Raman spectra collected in situ at the 15-hour mark from 
marked spots (right). 
 
 
temperature (Figure 5.10) demonstrated similar amounts of coking, indicating that the 
BaO surface modification conveyed significant coking resistance to the Ni only in the 
presence of water. This information supports the hypothesis that the surface particles help 
utilize water to stave off carbon deposition. 
 The notion of that the modification particles used in these experiments were in 
BaO phase might be a surprise at first glance, as they were exposed to ambient air 
between treatment and testing. Conventional wisdom would indicate that these 
nanoparticles would convert to BaO2 and/or BaCO3 as these compounds are more stable 
than BaO in air. On the other hand, these experiments were performed at elevated 
temperatures under reducing conditions. BaO2 is known to decompose to BaO above 
500ºC when a negligible amount of O2 is present.
106 Furthermore, both BaO2 and BaCO3 
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are Raman active materials70, 107, and no peaks indicating either phase were observed in 
spectra collected from the Ni surface even at room te perature. Given the presence of 
water and the relatively high thermodynamic favorability for forming Ba(OH)2 from BaO 
and water, the only likely phases present on the Ni surface were BaO and Ba(OH)2. 
 
5.7. Raman mapping of sulfur species on YSZ-embedded Ni mesh 
Shown in Figure 5.11 is the typical poisoning and recovery behavior of the Ni mesh 
anode at 767oC under 20 ppm H2S. Both the poisoning and recovery processes seem to 
finish and reach steady state within a few minutes, which is very different behavior from 
thick Ni-YSZ anodes that are traditional for such studies, where a much longer timeframe 
was needed especially for the recovery process.18, 25 Recent studies have suggested that 
sulfur poisoning is a surface or interfacial phenomenon rather than one that affects the 
bulk of the material.20 Specifically, the quick poisoning of the Ni mesh electrode might 
 
 
Figure 5.10. Raman spectra collected from Ni samples at room temperature following 
exposure to dry C3H8 at 625°C. 
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result from the direct exposure of Ni electrode to the fuel gas and subsequent sulfur 
adsorption; gas diffusion would not limit the rate of this process as much as in the case of 
a thick porous Ni/YSZ anode. Thus, the type of behavior observed here makes sense 
given that the all of the Ni surface and Ni-YSZ interfaces are directly exposed to the 
primary gas flow for the mesh anode in contrast with a conventional anode where the gas 
undergoes a tortuous path to reach the reaction sites.  
Strongly adsorbed sulfur at or near the triple phase boundary (TPB) between Ni, 
YSZ, and fuel would likely block the active sites for electrochemical oxidation of H2 at 
the TPB, resulting in quick performance loss. On the other hand, during the recovery 
process, the current passing through the cell can help t e electrochemical oxidation of the 
sulfur adsorbed on anode surface to SO2, especially at or near the TPB. Once sulfur is 
oxidized to SO2, it will quickly desorb from anode surface, leading to the re-exposure of 
the Ni/YSZ interface to the gas phase (regeneration of TPBs) and virtually full recovery 
of the performance.18 However, the current might not be efficient enough to fully remove 
the adsorbed sulfur far away from the TPB regions, which may remain on the surface 
even after full recovery of the performance. Therefor , Raman intensity mapping was 
used to gain more chemical information about how the electrode surface interacts with 





Figure 5.11. Typical (A) poisoning and (B) recovery behavior of the cell in H2 with 20 
ppm H2S at 767°C operated at 0.75 V. 
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In order to work around the dearth of sensitivity that Raman spectroscopy 
possesses for elemental sulfur species, the electrodes were aged in air to form SOx groups 
that can be more easily detected. Figure 5.12 display  the evolution of the Raman 
spectrum obtained from a spot on the surface of the Ni away from the TPB over the aging 
period. The peak at 980 cm-1, which corresponds to SOx groups
108 (most likely a SO4
2- 
ion70), could only be seen after about 10 days.  
Figure 5.13 displays an optical micrograph of the Ni/YSZ interface along with a 
Raman map of the same area plotting the intensity of the band associated with SOx 
species (integrated intensity between 960-1000 cm-1). The species were exclusively 
observed on the Ni surface and were generally concentrat d more away from the TPBs. 
In addition, no other Ni-S phases could be detected by Raman spectroscopy, which 
supports the notion that the poisoning process at the studied temperature does not involve 
new bulk sulfide phase formation. 
 
Figure 5.12. Raman spectra collected from Ni mesh cell surface post-operation in H2S-




Figure 5.13. Optical micrograph of corner of patterned Ni mesh electrode in YSZ that 
was operated in H2S-containing fuel and aged in air for 18 days (left) along with a Raman 
map of the SOx band in the same area (right). 
 
 
5.8. Summary of findings and future considerations 
Raman spectroscopy has demonstrated great applicability in mapping and 
monitoring carbon on Ni-based SOFC anodes under ex situ as well as in situ conditions. 
Direct evidence of preferential coking on the Ni surface with little to no coking YSZ was 
provided, and the growth of carbon on the Ni surface was successfully monitored over 
time at high temperature. In addition, this technique provided additional evidence of the 
roles that water and BaO modification play in coking resistance on the Ni anode, which is 
useful information for further improving anode design.  
The electrodes with well-defined boundaries used in th s work facilitated the 
mapping and monitoring experiments. These types of electrodes, particularly the mesh 
design, can be readily applied to Raman experiments involving the application of both 
chemical and electrochemical stimuli. Current efforts are focused on coupling 
electrochemical measurements with the Raman techniques described herein to gain 
additional insight into the mechanisms of coking and its prevention on the SOFC anode. 
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For plain Ni anodes, the Raman mapping of sulfates shown above helps support 
the hypothesis that sulfur adsorption is the cause of sulfur poisoning rather than sulfide 
formation. For more complex systems, however, sulfur poisoning was shown to present a 
trickier in problem in general. While materials like BZCYYb can effectively stave off 
this type of degradation, BaO modification has been found to not afford the same 
protection to the electrode from sulfur as it does from coking. In fact, initial studies 
indicate that some types of Ba-containing oxide modification may exacerbate sulfur 
poisoning. Hence, detailed results on Raman analysis of sulfur poisoning for modified Ni 
mesh electrodes were not presented in this chapter, al hough Figure B.2 in Appendix B 
shows some more information. In addition, Chapter 7 p esents results on investigations of 
sulfur poisoning in more realistic anodes modified by Ba-containing oxides that represent 
a similar situation. As for using in situ Raman spectroscopy to characterize sulfur 
poisoning and resistance, lack of signal obviously presents an obstacle that would only be 
heightened by high analysis temperatures. Thus, in order to be successful in such 
characterization, a suitable methodology for increasing Raman signal is necessary. The 
following chapter addresses this issue. 
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CHAPTER 6: SURFACE ENHANCED RAMAN SPECTROSCOPY FOR SOFCS 
 
6.1. Surface Enhanced Raman Scattering (SERS) 
 The principal difficulty with using Raman spectrosc py for surface analysis is 
that in many cases, insufficient molecules of interest are available to impart enough 
Raman cross section to satisfy the sensitivity limits of Raman signal detection. While 
surfaces may have no shortage of molecules in general, some of these species may be of 
no interest to the investigator and would only serve to dilute the Raman spectra. Thus, 
rigorous cleaning of the surface of unwanted molecules might be required for successful 
analysis. In any event, using normal Raman analysis for high-temperature in situ catalysis 
studies (i.e. SOFC surface analysis) makes conditios even less ideal, as a high 
temperature environment does not compel species of interest that are weakly bonded to 
the surface to stay adsorbed for very long. Thus, enhancement of the Raman signal 
becomes compulsory for investigation of the electrode processes on electrode material 
surfaces. 
In 1974, Fleischmann et al. discovered that a roughened silver electrode substrate 
enhanced the Raman signal of adsorbed pyridine molecules.109  At the time, they 
attributed the augmentation to the increased surface area of the substrate. Later in the 
1970s, two other research groups separately found that the signal increase was the result 
of other phenomena110, 111, and the concept behind this enhancement came to b known as 
surface-enhanced Raman scattering (SERS). Recent reports on studied of SERS have 
claimed signal enhancement factors of up to 14 orders of magnitude for single 
molecules.112  
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The dominant mechanism that causes the Raman signal enh ncement has been the 
subject of much scientific debate since its inception.113 Two of the possible mechanisms 
contributing to the enhancement factor are chemical enhancement and electromagnetic 
enhancement.  In the former, electrons are excited by incident photons into the lowest 
unoccupied molecular orbital of the molecules of interest from the conduction band of the 
rough metal substrate atoms, which results in a vibrational shift of the molecule, and the 
photon leaving the molecule and metal substrate will have the corresponding 
characteristic Raman shift.  The other type of enhancement entails the electromagnetic 
resonances caused by the collective excitation of conductive electrons in the metal 
substrate due to the incident photons.  These resonances are known as surface plasmons.  
This effect is thought to be greatest near very small contact points between metal 
nanoparticles that create signal enhancement “hot spots.” The electromagnetic 
mechanism is generally thought to be more dominant than the chemical mechanism54, 113, 
114, particularly because the enhancement entails a fourth-power relation to the electric 
field functions involved as with normal Raman scattering. This relationship is shown in 
the following equation from work performed by Moskovits et al.114: 
      40 |)(/)(| λλ EEG locloc =         (6-1) 
Gloc is the local signal enhancement factor, Eloc (λ) is the local electric field determined by 
the surface structure as a function of the wavelength of the incident light, and E0 (λ) is the 
electric field . 
From its inception until today, SERS has been used for a wide variety of studies, 
and many methods for achieving the effect have been d veloped.  Roughened silver and 
gold substrates have been shown as staple methods for obtaining SERS signals from 
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surface adsorbates 115, 116.  In addition, gold and silver colloids containing anoparticles 
produce a SERS effect when scattered on or among materials to be measured 117, 118.  No 
one methodology exists that is applicable to measuring all materials systems.  
Fortunately, the various ways that SERS can be achieved allows for adapting a particular 
SERS route to an application for which it is suited. 
 
6.2. SERS for detecting oxygen species on cathodes using sputtered Ag 
 SSC and LSC, which are SOFC cathode materials, were previously studied by 
Abernathy and colleagues using SERS techniques105.  SERS was achieved using silver 
and gold colloids deposited on SSC as well as by synthesizing LSC-silver composites by 
combustion chemical vapor deposition (CCVD).  Both sets of experiments showed 
promising results, but these methods displayed some inherent limitations. The 
preliminary spectra displayed many peaks that were not readily identifiable, which helps 
demonstrate that SERS may indicate surface species that are not expected to be present.  
Further complex theoretical calculations would be ne ded to resolve what these peaks 
represent.  In addition, the results were difficult to reproduce, as it is a non-trivial task to 
control where the plasmon fields and hot spots apper on the surface.  Development of an 
alternate signal enhancement methodology is likely n cessary to mitigate these issues. 
 A potentially cleaner, more reproducible route forachieving a proper metal 
nanoparticle substrate for signal enhancement lies in the employment of DC magnetron 
sputtering. While this technique is normally used to deposit continuous metal thin films 
on surfaces, when a sufficiently short sputtering time and low power are used, highly 
discontinuous “island” structures can be produced. A schematic of this methodology is 
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shown in Figure 6.1a along with a micrograph of a typical surface sputtered with Ag in 
this manner (Figure 6.1b). Systematic studies on the influence of sputtering power and 
time on the structure of the Ag nanoparticles and the enhancement factor is the subject of 
work led by Xiaxi Li and Yingcui Fang, both who are colleagues of the author.100, 119 The 
scope of this chapter is limited to the application of sputtered Ag to enhancing the signal 
from oxygen species. 
Figure 6.2 shows the results of Raman analysis performed on LSM and LSCF 
samples on which highly discontinuous Ag thin films were deposited by DC sputtering.  
The short-term sputtering could presumably deposited island-like features less than 100 
nm in size similar to those shown in Figure 6.1 in order to create the SERS enhancement. 
The spectra show indication of signal enhancement, although the enhancement is not as 
strong as that seen in previous work with colloids.  That being said, a larger percentage 
(~10%) of the sample points collected from the sputtered samples showed signs of SERS 
than those collected from colloidal samples (~1%).  The enhanced adsorbed molecular 
oxygen peak was usually present with the sputtered samples, as well.  As can be seen 
above, the same features in general can be found in spectra from LSCF and LSM 
samples, but with slight shifts and varying degrees of enhancement. 
 
Figure 6.1. (a) Schematic of sputtering silver on a cathode material surface for inducing 
SERS effect. (b) SEM image of a typical surface aftr sputtering treatment. 
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Figure 6.2. Raman spectra collected from LSM and LSCF pellets in air after DC 




 For another set of experiments, three types of samples were analyzed. An 
untreated sintered pellet of LSM was used as a baseline sample. A pellet of LSM with Ag 
“nanoislands” deposited on the surface by sputtering at a power of 4 W for 30 s and a Si 
wafer piece sputtered with Ag at 10 W for 180 s were analyzed to evaluate the SERS 
effect. A lighter treatment was used in the case of LSM due to its inherently rougher 
surface texture.  
Figure 6.3 displays a comparison between Raman spectra collected from the 
surface of each of the samples while they were heldin a flowing O2 atmosphere at room 
temperature in the Raman environmental chamber. Both of the spectra collected from 
each of the LSM samples contain the broad band between 250 and 800 cm-1 associated 
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with LSM, but the one from the sputtered sample contains additional peaks between 800 
and 1700 cm-1 that emerged as a result of the Ag treatment. The treated Si sample 
spectrum contains similar peaks along with the characte istic peak for Si at 520 cm-1. 
A number of the new peaks were associated with the presence of oxygen. Spectra 
(a) and (b) in Figure 6.4 were collected from the Ag-treated Si sample under flowing Ar 
and O2, respectively. Some of the peaks were only observed under oxygen. In particular, 
the 855-cm-1 and 1115-cm
-1
 peaks were respectively assigned to peroxo- and superoxo-
like species71 while the peak at 1598 cm-1 was assigned to neutral adsorbed oxygen.72 I  
addition, these peaks decreased in intensity under continued exposure to the laser as can 
be seen from spectrum (c) in Figure 6.4. The heat from the laser may have had a 
“photobleaching” effect that changed the surface oxygen adsorption properties or the 
SERS substrate itself in a way that decreased the oxygen signal. Finally, heating the 
chamber to 400°C, which is closer to typical SOFC operating temperatures, resulted in 
the disappearance of most of the peaks from the Raman spectrum. One possible reason 
for this is that metal nanoparticles tend to start flowing at lower temperatures than 
particles of larger size, which may negate the rough nano-sized features needed to induce 
the hot spots that cause signal enhancement.  
These results reveal that some issues with performing in situ Raman spectroscopy 
with the aid of silver nanoparticles under fuel cell operating conditions must be addressed 
to make this type of analysis effective. Evidently, heating treated samples deactivates the 
enhancement effect. In fact, few researchers have been able to study similar elevated-
temperature systems successfully to date.120  Itoh et al. were able to achieve in-situ SERS 
for studying oxygen reduction for molten carbonate fuel cells, and they observed oxide  
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Figure 6.3. Raman spectra collected at room temperature under pur  flowing O2 from 
LSM and Si samples treated by Ag sputtering. 









(d) Ag on LSM in O2
(c) Ag on Si in O2, laser-heated
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Figure 6.4. Raman spectra collected at room temperature under pur  flowing O2 or Ar 
from LSM and Si samples treated by Ag sputtering with varied conditions. 
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and superoxide species on silver electrodes121 with results only somewhat improved from 
those in previous work.122 
The question also remains whether the Ag nanoparticles themselves comprised 
the source of the oxygen signal in the experiments shown above. Ag is known to be 
catalytically active and adsorb O2 quite well, and as both Figures 6.3 and 6.4 show, the 
intensity of these peaks is greater on the Si sample than the LSM sample, where the Ag 
sputtering treatment was lighter. When analyzing cathode surfaces by in situ Raman 
spectroscopy, if bare Ag surfaces are present as part of  SERS treatment, the spectra 
might be skewed in terms of indicating which oxygen species are in abundance on the 
electrode surface. Therefore, Ag nanoparticles alone may not serve as a suitable SERS 
treatment for this type of study. Au nanoparticles provide a possible alternative since they 
are more thermally robust and less catalytically active, but they require that the incident 
light have a longer wavelength, which would lower the overall Raman scattering signal. 
 
6.3. Core-shell nanoparticle SERS (“SHINERS”) of SOFC anodes 
 An ideal method for performing SERS-assisted in situ Raman spectroscopy in 
SOFC systems would consist of the signal-boosting advantages of Ag nanoparticles with 
none of their drawbacks. Thankfully, this scenario is potentially feasible using core-shell 
nanoparticles. Tian et al. recently developed a methodology in which they coated Au 
nanoparticles about 55 nm in size with a ~2 nm SiO2 shell (i.e. Au@SiO2 nanoparticles). 
The shell prevented the nanoparticles from agglomerating but was thin enough such that 
the plasmonic effects of the nano-sized Au would still work on analytes in close 
proximity to the nanoparticles and produce the SERS effect.  The researchers coined the 
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name “shell-isolated nanoparticle-enhanced Raman spectroscopy,” or “SHINERS,” for 
this technique.123 Using these core-shell nanoparticles, they were abl  to boost the signal 
for a variety of systems, including hydrogen species adsorbed on Pt and pesticide 
residues on citrus fruits. Others have such as Thomas et al. have successfully employed 
SHINERS for their own efforts and studied the methodol gy itself more 
systematically.124 
Some initial experiments have been performed in the application of Ag@SiO2 
core-shell nanoparticles to in situ studies of SOFC electrodes. The SiO2 shell 
theoretically provides thermal robustness to the Ag nanoparticles to prevent them from 
aggregating at high temperatures. In addition, as SiO2 has less catalytic activity than Ag, 
it has less chance of skewing the data on which species are present during fuel cell 
reactions.  
First, Ag@SiO2 nanoparticles were prepared and characterized by transmission 
electron microscopy (TEM). Figure 6.5 shows a set of images depicting typical 
nanoparticles; as the images show, the nanoparticles have a ~40-80 nm size range. In the 
higher-magnification inset, a ~1-3 nm shell is visible on the nanoparticle.  
While experimental work involving the use of these nanoparticles is still in its 
preliminary stage and has only been applied to the anode side of the cell thus far, the 
results acquired so far are quite promising. For insta ce, using the Ag@SiO2 
nanoparticles, hydrocarbon gas species were successfully detected on a Ni surface at an 
elevated temperature. Figure 6.6 displays Raman spectra obtained at 400ºC from a Ni 
coupon treated with Ag@SiO2 nanoparticles under 4% H2 / 96% Ar gas flows with and 








Figure 6.6. Raman spectra obtained at 400ºC in different flowing gas atmospheres from a 
Ni coupon surface treated with Ag@SiO2 nanoparticles.  
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coupon; the signal is large due to the SERS treatment. When 2% C3H8 was introduced 
into the gas flow, two extra peaks at 1425 cm-1 and 1528 cm-1 became visible in the 
Raman spectrum after a few minutes. These peaks were assigned to C2H4 and C3H8 
species, respectively.125, 126 These results suggest that at fuel cell operating temperatures, 
a Ni-containing anode may catalyze the cracking of propane and higher-order 
hydrocarbons into lower-order hydrocarbons. A more systematic study might reveal the 
role this cracking plays in coking. Finally, to put the results further in context, without 
this SERS treatment, regardless of gas atmosphere, Raman spectra collected in the same 
cm-1 range from the Ni surface at 400ºC appeared as a flat noise line (not unlike the 
bottom trace of Figure 6.1 in Chapter 6). 
 
6.4. Summary of findings and future considerations 
From the results of the experiments outlined above, SERS methodologies have 
shown significant promise in assisting in Raman-based characterization of the surface 
chemistry in SOFCs by enhancing Raman signal.  Preliminary in situ experiments with 
controlled atmospheres demonstrated the potential to yield pertinent information on key 
surface species for SOFC processes. Reduced oxygen and hydrocarbon species at the 
cathode and anode were successfully detected at high temperature, which was not 
possible before these treatments.  
While “conventional” SERS substrates consisting of bare Ag nanoparticles may 
not be appropriate for more systematic investigations due to lack of thermal robustness 
and potentially misleading catalytic activity, Ag@SiO2 core-shell nanoparticles present a 
route for working around those issues. Possible future work along this direction includes 
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analyzing electrodes with Ag@SiO2 nanoparticles under various applied electrochemical 
conditions and environments closer to actual SOFC operating temperatures.  The data 
collected in this investigation might also be supplemented by simulations, such as 
quantum chemical calculations, in order to predict the species and intermediates that 




CHAPTER 7: BI-ELECTRODE SUPPORTED SOLID OXIDE FUEL CELLS  
 
7.1. The NASA bi-electrode supported cell (BSC) architecture 
 One important characteristic of SOFCs that requires improvement in order to 
make the technology more attractive for wide commercial application is specific power 
density. High specific power densities open up the possibility for SOFCs to be 
implemented in aeronautical applications including auxiliary power units (APUs) that 
provide electrical power to secondary systems on commercial aircraft as well as powering 
unmanned aerial vehicles (UAVs). In the case of APUs, the systems would ideally be 
supplied by jet fuel and efficiently convert the fuel to electricity for use on board the 
aircraft. In the case of UAVs, NASA has studied the potential use of regenerative SOFCs 
(RSOFCs), which are cells that can perform electrolysis as well as fuel-energy 
conversion.127 Such UAVs would contain solar panels that power aircr ft’s systems as 
well as the electrolytic conversion of the SOFC water byproduct to H2 fuel by day. At 
night, the RSOFC system would operate in “fuel cell” mode and power the aircraft in the 
absence of the sun. While this “fuel cycle” seems ideal due to solar energy being virtually 
limitless and providing constant replenishment of fuel, this kind of system would still 
benefit from the additional ability to convert logistics fuels for shorter range UAV 
missions and in a situation where the solar power systems were to fail during operation 
on longer missions.  
Engineers at the NASA Glenn Research Center recently developed a novel SOFC 
architectural design that dramatically improves specific power density known as the bi-
electrode supported cell (BSC).78, 127 The basic architecture consists of two porous YSZ 
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scaffolds acting as electrode supports that are connected by a dense layer of YSZ as the 
solid electrolyte.  The electrode scaffolds have thin layers of functional materials that are 
ideally porous, interconnected, and firmly adhered to the YSZ in order to make them 
electrochemically active. These layers are applied using solution infiltration techniques. 
The porosity of the scaffolds is functionally graded in order to maximize gas flow and 
diffusion as well as triple phase boundaries (TPBs) for electrochemical activity. The 
shrinking size and directionality of the pores towards the electrolyte also create capillary 
forces that pull infiltrated solution towards the el ctrolyte and assist in maximizing the 
coverage of the scaffold by the electrode layer. 
This architecture allows for high specific power density (e.g. >1 kW/kg) by 
addressing multiple technical obstacles at once. Since current collection occurs 
throughout most of the cell, due to the infiltrated electrodes, the interconnect used for cell 
stacks need not be very thick. Therefore, a thin layer can be used to separate the cells, 
which makes using traditional interconnect materials like Ca-doped LaCrO3 (LCC) more 
economically viable. A ceramic interconnect would convey several advantages: lower 
system weight, prevention of cathode chromium poisoning from cell interconnects made 
of steel alloys52, 128, 129, and optimized operation temperatures around 800-85 °C that 
would allow for high power output. In addition, an ll-oxide “unitized” stack system 
improves sealing and eliminates losses from interfacial resistance between metals and 
oxides. Shown in Figure 7.1 is a cross-sectional micrograph of a typical stack that 
demonstrates its “unitized” attribute. 
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Figure 7.1. SEM micrograph showing a portion of a BSC stack. One cell unit is 





The current BSC specifications include state-of-the-art electrode materials such as 
LSCF cathodes and Ni anodes. Unfortunately, Ni anodes limit the types of fuels with 
which the cell may operate. Supplying the anode in the BSC with the hydrocarbons, 
especially the high-order aromatic ones contained i jet fuel, would likely result in very 
aggressive coking and quick anode degradation. In addition, such anodes are susceptible 
to deactivation by sulfur contaminants in the fuel stream. Jet fuels, even when 
desulfurized by the most modern techniques, still contain 10 ppm of sulfur species or 
more130, and a more conventional fuel treatment will produce a fuel with sulfur content 
that has only been reduced to the 100 ppm range131.  These levels of sulfur content in the 
fuel stream would be sufficient to cripple a Ni-anode cell’s performance within a short 
time.132  
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In order to make BSC-type SOFCs fully fuel-flexible and an ideal power system 
for aeronautical applications, the issues of anode t lerance to coking and sulfur poisoning 
need to be addressed. One possible route for overcoming these problems is modification 
of the Ni anode layers with oxide nanoparticles. A schematic for such modification is 
presented in Figure 7.2 below. Results of previous research as well as the information 
gained from the Raman spectroscopic studies in the current work have demonstrated that 
oxides containing Ba and Yb with an affinity for water can play a role in staving off 
coking and sulfur poisoning respectively. Thus, several oxide compositions were 
surveyed and evaluated for their effect on performance and the resistance to fuel-induced 
degradation that they convey. 
 
 




7.2. BaO-Yb2O3-modified BSC anodes 
 
The 3Ba-4Yb modification composition was chosen because Ba3Yb4O9 would 
theoretically be the eventual phase formed as indicated by phase diagrams derived from 
previous work.133, 134  Ba3Yb4O9  is a simpler two-component oxide which has R3 
perovskite structure135 in contrast to the more complex material BZCYYb that as five 
metal components. Ba and Yb oxides also tend to have an affinity for water, which seems 
to be the key to resistance to coking. Finally, given the success of BZCYYb in preventing 
sulfur poisoning over other BaCeO3-based materials
5, the inclusion of Yb in the 
modifying oxide potentially plays a role that is yet to be elucidated. 
Displayed below in Figure 7.3  (a) and (b)are typical current-voltage and power 
density curves at 750°C and 800°C for BSC-type cells operating in wet (3 vol. % H2O) 
H2 (40 sccm flow rate) with unmodified Ni and Ni infiltrated with BaO-Yb2O3 
modification. This modification decreases the cell’s performance in H2 fuel by roughly 
45%; the unmodified cell reached a peak power density (PPD) of 0.62 W/cm2 at 800ºC 
while the modified cell’s PPD was only 0.35 W/cm2. On the other hand, Figure 7.4 shows 
a comparison of operation stability in wet dilute C3H8-containing fuel (~5 vol. % 
balanced by Ar) between unmodified and BaO-Yb2O3-modified cells over 24 hours. The 
unmodified cell displayed gradual degradation behavior followed by a sharp drop-off, 
losing 20-30% of performance within 24 hours. The BaO-Yb2O3-infiltrated cell, 
however, remained relatively stable over one day of operation. Raman spectra were also 
collected from the anode surface following operation; these spectra are presented in 
Figure 7.5. The modes centered at 1350 and 1585 cm-1 are respectively assigned to the D 




Figure 7.3. Current-voltage and power density curves for unmodified and 3Ba-4Yb-
modified cells operating in wet H2 at (a) 750ºC and (b) 800ºC. 
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Figure 7.4. Stability over time of unmodified and 3Ba-4Yb-modified cells operating in 
wet C3H8-containing fuel at 800ºC. 
 
Figure 7.5. Raman spectra collected from unmodified and 3Ba-4Ybmodified cells 
following operation in wet C3H8-containing fuel at 800ºC. 
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considerably less intense (~70% reduction) than on the unmodified anode. Thus, the 
oxide on the anode surface of this cell likely provided some coking resistance despite 
having lower overall performance. 
 Despite the coking tolerance that the Ba-Yb oxides conveyed to the BSC anode, 
they appeared to be detrimental to overall performance. One possible reason is that too 
much oxide might have been applied to the anode, gratly increasing the system’s 
resistance. A related and possibly larger issue potntially manifested in the form of 
incomplete phase formation. X-ray diffraction (XRD) analysis of powder calcined from 
the 3Ba-4Yb infiltration solution at 1000ºC shows evid nce of such (Figure 7.6). While 
the XRD pattern shows evidence of high water content in the powder by virtue of the 
broad hump at low 2θ, peaks corresponding to BaCO3
136 and Yb2O3
137 but not Ba3Yb4O9 
can be observed, indicating that the desired reaction and phase were not achieved under 
the conditions of the infiltration treatment process. This finding concurs with the low 
overall cell performance, as BaCO3 and Yb2O3 are not highly conductive phases. From 
the results of these experiments, one can conclude that a less concentrated and more 
reliably stable oxide would be a more suitable modification for the BSC anode. 
 
Figure 7.6. XRD pattern acquired from powder calcined from 3Ba-4Yb solution. 
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7.3. BZCYYb-modified BSC anodes 
The main reason for choosing BZCYYb as one composition s its proven coking 
and sulfur poisoning resistances. In this case, however, a more dilute infiltration solution 
(~0.02 M) was used in order to prevent conductivity problems in the anodes caused by 
excessive oxide. A higher concentration (~0.4 M) was initially attempted with one set of 
cells, but their performance was unacceptably low (Figure B.2 in Appendix B). 
 Figure 7.7 presents a comparison between the overall cell performance of 
unmodified Ni and BZCYYb-modified Ni anodes in BSCs. Over the 600-800ºC 
operating temperature range, performance improvement ranging from ~40% to over 
100% was observed for the BZCYYb-modified anodes over the unmodified cells. The 
peak power density achieved for the BZCYYb was ~0.9 W/cm2 at 800ºC, although 
relative performance enhancement was higher at lower temperatures. In addition, the 
modified cells had more linear V-I curves, indicating less interfacial resistance. 
A more noteworthy improvement given by the BZCYYb modification, however, 
is stability in hydrocarbon fuel. Shown in Figure 7.8 is a comparison between the stability 
of the unmodified and BZCYYb-modified cells operating in CH4 fuel at 700°C; while the 
cell with the plain Ni anode displayed a sudden sharp drop-off in voltage associated with 
critical carbon buildup after 2 days of operation, the cell with the modified anode 
remained relatively stable over several hundred hours. In fact, under these conditions, the 
testing lifetime of the modified cells under these conditions was determined by the 
cathode’s current collector that was comprised of Ag paste and wire, which would fail 




Figure 7.7. Current-voltage and power density curves for unmodified (top) and 
BZCYYb-modified cells (bottom) operating in wet H2 at various temperatures. 
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Figure 7.8. Stability over time of unmodified and BZCYYb-modified cells operating in 
wet CH4 fuel at 700ºC. 
 
Figure 7.9. Raman spectra collected from unmodified and BZCYYb-modified cells 
following operation in wet CH4 fuel at 700ºC. 
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operation in CH4 fuel; the carbon D and G band are again quite apparent in the spectrum 
from the blank Ni anode but not in the modified anodes. The other sharp peaks in that 
range (1380 cm-1 and 1410 cm-1) are assigned to Raman modes from the YSZ that occur 
under the 633 nm excitation that was used to collect these spectra. Finally, the feature at 
371 cm-1 is much sharper in the modified anode spectrum, possibly corresponding to the 
BZCYYb coating itself on the anode.  
 The phase of the oxide formed by the modification was confirmed by calcining a 
sample of the BZCYYb solution at 1000ºC and analyzing the resulting powder using 
XRD. The powder’s XRD pattern (Figure 7.10) showed peaks corresponding to the 
BZCYYb perovskite phase.5 
 In order to better understand the improvement in performance and stability of the 
modified cell over the blank cell, the anodes were characterized by scanning electron 
microscopy (SEM). Micrographs of the unmodified anodes before reduction and 
operation are displayed in Figure 7.11. The micrograph of the edge-on cross-section of 
the scaffold wall shows that the thickness of the anode layer is about 1-2 µm. Meanwhile, 
the top view of the anode layer’s surface demonstrates its porous structure. In 
comparison, the surface of the modified anode (Figure 7.12) displays smaller grain size.  
 











Figure 7.11. SEM images of the edge-on cross section (top) and the top surface (bottom) 





Figure 7.12. SEM image of the top surface of the BZCYYb-modified BSC anode 




lower porosity, and higher “interconnectedness” than its unmodified counterpart, 
indicating that the BZCYYb modification affected the sintering characteristics of the 
overall anode layer. The modified anode’s improvement in overall performance could be 
attributed to these aspects, particularly smaller grain size, as the number of interfaces 
between the anode layer and underlying YSZ scaffold would be increased. If the fuel gas 
molecules could reach these extra interfaces, the number of TPBs is effectively increased. 
 Figure 7.13 presents a comparison between the BZCYYb-modified and blank Ni 
anode surfaces after operation in CH4 fuel. The modified anode was relatively clean 
following operation. In the micrograph, small discrete particles can be seen covering the 





Figure 7.13. SEM images of the top surface of BZCYYb-modified Ni anode (top) and 
unmodified Ni anode (bottom) following operation in CH4 at 700ºC. 
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helped prevent anode degradation by coking. Meanwhile, the unmodified Ni anode 
displayed a microstructure that appeared more disintegrated, suggesting coking-related 
anode degradation by a dissolution-reprecipitation mechanism26.  
 In addition to the above investigations, the sulfur poisoning tolerance of each type 
of anode was tested by monitoring the stability of each cell’s current over time while 
operating in wet H2S-containing H2 fuel. Figure 7.14 summarizes the results of the sulfur 
poisoning and recovery tests for the blank and BZCYYb-modified Ni anodes. The 
performance of the cell with the plain Ni anode decreased by 10% upon exposure to 10 
ppm H2S and 20% in 20 ppm H2S. Increasing the H2S concentration beyond 20 ppm did 
not yield much more performance loss. When H2S was removed from the H2 gas flow, 
 
Figure 7.14. Operation stability over time of cells containing BZCYYb-modified Ni and 
Ni anodes cycled in H2 with and without ppm-level H2S content. 
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the blank cell’s performance typically recovered almost fully within ~5 hours. The 
recovery period was slightly faster than is average for typical cells with thick anodes. 
This phenomenon was likely due to the relative openness and lack of tortuosity in the 
pore structure of the BSC electrode, which would allow for faster gas diffusion and 
subsequent elimination of sulfur species from the system. 
 Unfortunately, the BZCYYb modification did not add sulfur tolerance to the 
system as was originally hoped. In fact, while the performance loss for the BZCYYb-
modified cell was similar to the blank anode case, th  modified cell showed little to no 
recovery upon removal of the H2S gas. The lack of recovery suggests that the BZCYYb 
or some impurity within the modification reacts with he H2S and forms a secondary 
phase that permanently poisons the electrode. Contrast between Raman spectra collected 
from each type of anode’s surface following operation (Figure 7.15) supports this notion; 
while no considerable Raman signal can be discerned f om the blank anode’s spectrum, a 
broad band between 300 and 600 cm-1 is observable on the modified anode’s spectrum, 
possibly corresponding to some sulfide phases. 
 The exacerbation of sulfur poisoning on the Ni BSC anode by the BZCYYb 
starkly contrasts with the precedent for excellent sulfur tolerance modification by Ni-
BZCYYb anodes. This finding raises the possibility that while the BZCYYb phase 
formed under the modification treatment conditions, the conversion from the precursors 
may not have been complete, leaving behind excess oxides like BaO that could easily 
react with H2S in the fuel. Given the number of components and that the material is more 
similar to the less stable barium cerate than barium zirconate, a higher temperature might 
be needed to achieve a stable, complete BZCYYb phase. Meanwhile, the BSC 
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Figure 7.15. Raman spectra collected from unmodified and BZCYYb-modified cells 




architecture is limited in terms of allowable firing temperature. Heating the scaffold too 
far above 1000°C could lead to over-sintering of the anode layer. Therefore, selection of 
a different material for sulfur tolerance might be warranted. 
  
7.4. BZYb-modified BSC anodes 
 In previous research, the use of Yb-doped barium zirconates has been generally 
limited to proton-conducting electrolytes.138-140 For this work, BZYb was chosen as one 
modifying material for the anode due to the relative stability and simplicity of BaZrO3, 
the utility of the similar Y-doped BaZrO3 as a coking-tolerant material
7, and the inclusion 
of the Yb element. Again, the latter characteristic might be the key to high sulfur 
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poisoning tolerance. Like the BZCYYb case, a relatively dilute solution (0.03 M) was 
used to prevent detriment to the overall conductivity of the electrode. 
 Figure 7.16 shows a Raman spectrum and XRD pattern obtained from BZYb 
powder calcined at 1000ºC from the modification soluti n. The XRD pattern matches the 
one found by Ahmed and co-workers in their study of BaZr0.9Yb0.1O3-δ and confirms that 
the material’s overall structure matches the space group Pm3̄m.140 Again, though no 
Raman lattice phonon modes are predicted by group theory for this material, the doping-
induced defects likely produce the broad features that are visible in the spectra. These 
features occupy similar positions to those seen in spectra from BZY (Figure 5.10 in 




Figure 7.16. XRD pattern (top) and Raman spectrum (bottom) colleted from BZYB 









As with the other modified cells, BZYb-infiltrated cells exhibited stable operation 
in low-order hydrocarbon fuel at high temperatures. The performance of these cells was 
also superior. As such, larger “full-slab” cells with this modification were tested using 
NASA’s methodology. Figure 7.17 presents a comparison of the performances in H2 and 
CH4 fuels between large cells with unmodified and BZYb-modified anodes. The 
modified cells showed nearly 100% improvement in both cases. The BZYb-modified cell 
also showed good stability over time when operated in wet CH4 at 800ºC compared to the 
blank cell, which displayed a sharp performance decrease after less than one hour of 
testing (Figure 7.18). 
The absolute power density values seen here are lower than those observed for the 
BZCYYb button cells (Figure 7.7), but this result was expected; measured power density 
tends to decrease with increase in active electrode area. A better metric for this case 




*10*24.2 4=        (7-1) 
A is the active electrode area of the cell in cm2, V& is the flow rate of the fuel in cm
3/s, F is 
Faraday’s constant, j is current density expressed in A/cm2, and n is the number of 
charges required to completely oxidize a molecule of fuel (2 for H2 and 8 for CH4). The 
factor 2.24*104 accounts for the assumption that the fuel flow behav s like a room-
temperature ideal gas, and the 0.97 factor corresponds to 3% H2O already in the wet fuel 
stream. This equation also carries the assumptions that the fuel gas pressure is near 
atmospheric level and the oxidant flow cannot limit the cell reaction. Since the cathode is 




Figure 7.17. Current-voltage and power density curves for unmodified (red trace) and 
BZCYYb-modified (black trace) large cells operating  wet H2 (top) and CH4 (bottom) 




Figure 7.18. Stability over time of unmodified and BZYb-modified large cells operating 




case of CH4 oxidation, a direct oxidation assumption is not too far from reality as the 
eventual products are water and oxides of carbon. Fuel utilization calculated at peak 
power density for the BZYb-modified large cell operating at 800ºC was ~23% and ~11% 
for H2 and CH4, respectively. The CH4 fuel utilization value, in particular, was relatively 
high compared to those found in contemporary literature for similar Ni-YSZ systems 
operated at 800ºC, which were anywhere between <1% and 6%.141, 142 
After electrochemical testing, the large cells’ anodes were characterized by SEM. 
Figure 7.19 displays SEM images collected from the surface of the scaffold walls of each 
type of anode after operation in CH4. Again, the unmodified anode’s structure degraded 






Figure 7.19. SEM images of the top surface of unmodified Ni anode (top) and BZYb-




relatively isolated granules. In addition, the fiber that can be seen in the upper-right 
micrograph is likely fibrous carbon. In contrast, for the BZYb-modified anode, the 
porous Ni layer was left intact. Spheroid-shaped particles decorate the top of the anode 
layer; these particles are likely BZYb.  
Raman spectroscopy was used to probe for the presenc  of carbon on the anodes 
after CH4 operation. Figure 7.20 shows Raman spectra obtained from each anode. In the 
unmodified anode, sharp D-band and G-band carbon peaks superimposed over the YSZ 
bands clearly indicate carbon deposition. These peaks are not visible in the spectrum 
from the modified sample. Meanwhile, the shoulder near 700 cm-1 protrudes more for the 
modified sample spectrum, indicating the presence of the same weak band at 720 cm-1 
seen in Figure 7.16. This feature therefore can be assigned to the BZYb modification. 
 
Figure 7.20. Raman spectra collected from unmodified and BZYb-modified large cells 
following operation in CH4 fuel at 800ºC. 
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 Sulfur tolerance tests were performed on the BZYb-modified anode using button-
sized cells. Figure 7.21 displays the results of a typical poisoning and recovery test with 
20 ppm H2S in the gas feed. The performance only dropped by 10%, which is a better 
result compared with the blank and BZCYYb-modified anodes, which each had a 
performance drop of 20%. In addition, unlike the BZCYYb-modified cell, the BZYb-
modified cell almost fully recovered its performance after removal of the H2S from the 
fuel stream. 
 Since the BZYb modification gave the best results overall out of the three types 
described here, a BZYb-modified cell was briefly tested under a fuel that was closer to 
the condition of what one might expect for jet fuel. The initial fuel composition for the 
test was 70% CH4 / 30% H2. 30 ppm H2S was added to the fuel stream after the first hour 
of testing. The results are shown in Figure 7.22; again, only a 10% drop in performance 
was seen with the introduction of H2S, and the output was otherwise relatively stable. 
 
Figure 7.21. Operation stability over time of a cell containing a BZYb-modified Ni in H2 
with and without 20 ppm H2S content. 
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Figure 7.22. Stability of a cell containing a BZYb-modified Ni in H2 with and without 20 




Finally, the cell that was tested in the H2S-containing CH4 / H2 fuel was analyzed 
by Raman spectroscopy, and the results are shown in Figure 7.23. This cell was aged in 
the same manner as the mesh cells tested for sulfur poisoning in Chapter 5 in order to 
form sulfate groups from any adsorbed sulfur before testing. The features in the spectrum 
are largely the same as the BZYb-modified anode spectrum shown in Figure 7.20 with no 
indication of carbon deposition. On the other hand, formation of sulfate groups was 
inconclusive since the 900-1200 cm-1 region of the spectrum is swamped by strong 




Figure 7.23. Raman spectrum collected from a BZYb-modified anode f llowing 
operation in 70% CH4 / 30% H2 / 30 ppm H2S fuel at 800ºC and aging for ~3 weeks in air 




7.5. Summary of findings and future considerations 
 
 This work has demonstrated that oxides containing Ba and Yb can be successfully 
infiltrated into BSC-structured cell anodes, and all of these oxides provide considerable 
coking resistance. On the other hand, the BZCYYb did not provide the expected sulfur 
poisoning resistance. The calcination temperature was likely not high enough to form a 
stable BZCYYb modification, and unconverted oxide lik ly reacted with the H2S to form 
undesired phases. Unfortunately, increasing the calcination temperature too much would 
compromise the overall cell architecture from oversintering of the anode layer. 
Meanwhile, the 4Ba-3Yb modification was not explored for sulfur tolerance properties 
for similar reasons, since the modification formed was found to be a mix of BaCO3 and 
Yb2O3. The BaCO3 in particular suggests the presence of BaO, which was found to 
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potentially form BaSO4 when exposed to H2S. Hence, permanent sulfur poisoning would 
likely be observed for that system as well. In contrast, a BZYb-based modification 
proved to be a viable option. BZYb, which has not heretofore been used as an anode 
modification material, gave the best overall cell performance improvement, conveyed 
some additional sulfur tolerance to the system, and did not cause the anode to suffer 
permanent sulfur poisoning. Further, this modification allowed for H2 and CH4 fuel 
utilization values of about 23% and 11%, respectively. Therefore, this material system 
might provide a good avenue for future study. 
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS 
 
 The first overall objective was the further development and demonstration of 
Raman spectroscopy as a tool for characterizing SOFC electrode surfaces beyond the 
preliminary work that has been performed along thisroute. Indeed, some new advances 
were made along this direction. First, water and OH groups were successfully detected on 
Ba-containing oxides under different temperature and electrochemical conditions. In 
addition, carbon deposition on Ni anodes as a result of operating under hydrocarbon fuels 
was mapped and monitored in real time while the rol of water in coking resistance 
conveyed by Ba-containing oxides was confirmed. Further, Raman mapping helped 
support the hypothesis that sulfur poisoning of plain Ni anodes occurs by minute amounts 
of adsorbed sulfur species on the surface rather than by sulfide conversion. On the other 
hand, Raman spectroscopy suggested that when Ba-cont ining oxides are used in anodes 
operated in sulfur-containing fuels, the poisoning mechanism is different and can become 
permanent due to sulfide or sulfate formation. Finally, SERS methodologies were 
explored for boosting signal from surface species on b th the cathode and anode. 
Sputtered Ag nanoparticles applied to cathode materials esulted in the emergence of 
peaks associated with adsorbed oxygen species that could not be seen before. This 
particular result is not without a caveat, however; due to the catalytic activity of Ag, the 
actual source of the adsorbed oxygen remains in question. Ag@SiO2 core-shell 
nanoparticles provide a possible alternative. On the anode side, adsorbed hydrocarbons 
were successfully detected at high temperature when t y couldn’t be before, showing 
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this methodology’s utility towards further investigating coking and sulfur poisoning 
mechanisms. 
 The second major objective was to use the knowledge gained about materials 
resistant to coking and sulfur poisoning and apply it to the development of NASA BSC-
type cells. The rationale was to combine the archite ture’s overall performance potential 
with fuel flexibility. This aim was achieved by modifying the existing anode solution 
infiltration process with the incorporation of oxides containing Ba and Yb, and the results 
were mixed. The 3Ba-4Yb modification gave decent coking tolerance, but hampered 
overall performance. Further, the desired phase was not achieved for this case. The 
BZCYYb modification provided reasonable performance enhancement and coking 
resistance, but surprisingly exacerbated the sulfur poisoning problem. In contrast, the 
BZYb modification enhanced sulfur poisoning tolerance, gave great performance gains 
(almost 100% at 800ºC), and stability while operating under a fuel containing both 
hydrocarbons and H2S that simulated jet fuel conditions. For large cell t sts, the BZYb-
modified cells showed peak fuel utilizations of ~23% and ~11% for H2 and CH4 fuels 
respectively, which were higher values than achieved for Ni-YSZ anodes reported by 
others. The BZYb system, which to the author’s knowledge had not been incorporated 
into SOFC anodes before this work, is a good candidate for future explorations in 
modifying anodes that have BSC or even other archite tures; for example, BZYb-
modified anodes with varying Yb content could be tested for performance, coking 
resistance, and sulfur poisoning tolerance. In addition, the connection between intrinsic 
material properties (i.e. water adsorption capability, mass transport), structure, and 
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tolerance characteristics of such modifications might be investigated in order to find the 
optimal conditions. 
For future work along the Raman spectroscopy direction, in situ SERS-assisted 
Raman investigations by Ag@SiO2 or other suitable core-shell nanoparticles are 
definitely worth exploring further. To frame one example, the coking resistance 
mechanism proposed in Yang et al.6 contains one theoretical reaction that forms a 
carboxyl group (COH) which helps eliminate the carbon from the surface. If this reaction 
truly happens, the amount of carboxyls present at any given time is likely under the 
detection limit of normal Raman, especially at high temperatures. Thus, probing for these 
under fuel cell operating conditions might normally be a fruitless endeavor. With 
Ag@SiO2 nanoparticles present on the surface, however, detecting these intermediates 
becomes a possibility. In the case of sulfur poisoning, with these nanoparticles, aging 
samples in order to form species that are just barely d tectable by ex situ Raman 
spectroscopy might no longer be necessary. Rather, on  would be able to directly detect 
the sulfur in situ as it becomes adsorbed by the Ni. Of course, in order for these 
experiments to be effective, SERS treatment reproducibility and proper calibration to 
eliminate the contribution of surface species directly adsorbed on treatment nanoparticles 
would be essential.  
More experiments under realistic electrochemical conditions are also 
recommended for ongoing work. The Ni mesh electrode design described in Chapter 6 
would likely facilitate the success of such experiments. 
 In terms of interpreting Raman spectra in future work, group theory is useful for 
predicting where Raman peaks are expected to appear. Unfortunately, as some of the 
 133 
results in this dissertation demonstrated, group theory does not help with complete 
interpretation, especially when dealing with defective materials. In addition, surface 
species may have a slightly different Raman shift from their “free-space” vibrational 
modes based on the type of surface they are attached. In these cases, proper quantum 
chemical calculations like those referred to in Chapter 5 used to predict the Raman modes 
of water on BaO are warranted.   
 
 In short, the main scientific contributions of this work to the field include: 
• Further elucidation of how and where carbon and sulfur deposits during anode 
degradation 
• Confirmation of the role of water in coking and sulfur poisoning mechanisms 
• A promising SERS methodology for boosting signal from trace amounts of 
species that is applicable to both fuel cell electrodes as well as other high-
temperature catalysis systems  
• A new material system with promising applications i anode coking and sulfur 
poisoning tolerance 
 
Overall, the results presented in this dissertation have also demonstrated that with 
properly designed experiments, Raman spectroscopy is a useful tool for gaining some of 
the insights needed for a rational approach to designing better SOFC electrode materials.  
 134 
APPENDIX A: RAMAN MODES OF INTEREST TO SOFC STUDY 
 
Table A.1. Raman-active lattice phonon and vibrational modes for various species and 
phases of interest to SOFCs. 
 
Phase / Species Group Raman Modes Main Peak(s)* 
YSZ Oh
6 F2g 620 
SDC Oh





 7Ag + 5B1g + 7B2g + 
5B3g 
535 
LSM (La/Sr: 0.8/0.2) D3d
6 Ag + 4 Eg 697, 520 
LSCF D3d
6 Ag + 4 Eg 646, 525 
BZCYYb D2h
16 




2  None 720** 
BZYb Oh
2  None 725** 
C (Graphite) D6h
5  E2g 1585 
H2O C2  2A1 + B2 3716, 3368, 1594 
O2 D2 Ag 1598 
SO4
2- Td A1 + E + 2F2 980 
CO3
2- D3h A1g + 2E 1059 
C3H8 C2v  xA1 + yB2 1528 
C2H4 D2h  3Ag + B1g + 2B3g 1425 
COH Cs  2A1 + A2 2483*** 
BaO2 D4h
17 A1g + Eg 240, 800*** 
 
*Approximate positions of experimentally observed peaks 
**Peaks were observed but not predicted by group theory; bands are likely defect-
induced 
  









Figure B.1. Sample calibration data showing the temperature diff rence between the 




Figure B.2. Raman spectra collected from BaO-modified Ni mesh cell surface before and 
after operation in H2S-containing fuel. 
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Figure B.3. Current-voltage and power density curves for unmodified (black trace) and 
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